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EXECUTIVE  SUMMARY 


The  work  carried  out  under  this  contract  had  its  primary  goal,  the  development  of  a 
polymer  electrolyte-based  battery  with  the  rate  capability  and  cycle  life  required  by  batteries  for 
the  Army's  communication  devices.  In  particular,  the  battery  is  to  perform  over  the  temperature 
range  of  -34  to  70  °  C.  The  cell  being  developed  has  the  configuration, 

Li//Solid  Polymer  Electrolyte  (SPE)//LiMn204 

PAN-based  electrolytes  with  improved  low  temperature  conductivity  can  be  prepared  with 
the  use  of  carefully  selected  plasticizer  compositions  from  ternary  solvent  mixtures  consisting  of 
propylene  carbonate  (PC),  ethylene  carbonate  (EC)  and  butylene  carbonate  (BC)  or  PC,  EC  and 
3-methyl-2-oxazolidinone  (MEOX).  All  of  the  polymer  electrolytes  were  prepared  as  free¬ 
standing  films  with  a  thickness  of  ~4.5  mil.  Their  conductivities  were  of  the  order  of  3  x  10'^ 
ohm'*  cm'*  at  25"C  and  1.1  x  10"*  ohm'*  cm  *  at  -40‘’C.  They  exhibited  good  stabiUty  to  oxidation 
with  oxidative  currents  of  the  order  of  0.5  |i.A/cm^  at  4.2V  vs.  on  Al. 

Rechargeability  of  a  variety  of  Li  and  Li-ion  cells  utilizing  these  electrolytes  was 
investigated.  Li//SPE//Lii.oMn204.7  (3V)  cells  yielded  more  than  200  full-depth  discharge/charge 
cycles  when  cycled  between  3.75V  and  2V  at  0.1  mA/cm^  at  room  temperature.  The  cell  capacity 
decreased  from  -0.8  Li/Mn2  at  the  second  cycle  to  -0.4  Li/Mn2  at  the  200th  cycle.  A 
Li/LixMn204  cell  based  on  the  spinel  Lii.iMn204  (4V)  cathode  cycled  within  the  potential  range 
from  4.2V  to  3.0V  at  0.1  mA/cm^,  showed  a  cycle  life  in  excess  of  130  cycles  in  MEOX- 
containing  electrolytes.  In  almost  all  cells  containing  Li  anodes,  cycle  life  failure  occurred  from 
internal  "soft  shorts",  caused  by  Li  dendrites.  Rechargeability  of  commercially  available  carbons 
such  as  graphite  petroleum  coke  and  acetylene  black  was  demonstrated  in  a  variety  of 
electrolytes. 

Graphite  exhibited  a  reversible  capacity  of  -1  Li/Cg  while  the  other  carbons  yielded  -0.5 
Li/Ce.  Graphite/SPE/LiMn204  and  Petroleum  Coke/SPE/LiMn204  ceUs,  discharged  at  the  C/3 
rate  and  charged  at  the  C/6  rate  at  room  temperature,  were  characterized  as  low  capacity  fade 
rates  of  -0.1%  and  <0.05%  per  cycle,  respectively.  The  graphite  anode  cell  yielded  more  than 
170  cycles  while  the  coke  anode  cells  underwent  about  75  cycles  before  cycUng  was  terminated. 
The  specific  energy  of  the  graphite/SPE/LiMn204  cell  was  close  to  106  Wh/Kg  at  the  C/3 
discharge  rate  and  it  approached  140  Wh/Kg  at  the  C/30  rate. 
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1.0  INTRODUCTION 


The  aim  of  this  program  has  been  the  development  of  a  polymer  electrolyte-based 
rechargeable  battery  that  exhibits  rate  capability  and  cycle  life  suitable  for  the  Army's 
communication  devices.  In  particular,  the  battery  is  to  perform  over  the  temperature  range  of  -34 
to  70°C.  The  battery  can  be  represented  as 

Li  or  Carbon//PAN-based  solid  polymer  electrolyte//LixMn204 

We  have  conducted  detailed  investigations  on  electrolyte  and  electrode  materials  and  on 
the  performance  of  cells  fabricated  with  them.  Our  findings  are  discussed  below.  In  particular, 
we  have 

i)  identified  and  optimized  polyacrylonitrile  (PAN)-based  solid  polymer  electrolytes 
containing  mixtures  of  three  or  more  plasticizer  solvents  which  are  highly  conductive 
at  low  ambient  temperatures, 

ii)  developed  a  rechargeable  Li//PAN-based  solid  polymer  electrolyte//Li;,Mn204  cell 
that  exhibits  satisfactory  rate  capability  and  cycle  life  at  ambient  temperatures. 

Hi)  investigated  the  Li  intercalation  capacity  and  cycling  performance  of  commercially 
available  graphite  (Alfa  Graphite)  in  Li//PAN-based  solid  polymer 
electrolyte/Zcarbon  cells, 

iv)  studied  of  the  rechargeability  of  Li-ion  cells  of  the  configuration  Carbon//PAN-based 
solid  polymer  electrolyte//LixMn204, 

vj  studied  the  use  of  alternative  anode  materials  and  electrode  fabrication  techniques  in 
rechargeable  Li  and  Li-ion  cells  containing  PAN-based  solid  polymer  electrolytes. 

Lithium  ion  conductive  plasticized  polymer  electrolytes  such  as  those  based  on 
polyacrylonitrile  (PAN)  and  poly(vinyl  chloride)(PVC)  have  provided  room  temperature 
conductivity  >10'^ohm'‘  cm  \  enabling  the  development  of  solid  state  Li  and  Li-ion  batteries  with 
performance  reminiscent  of  their  liquid  electrolyte  counterparts.^’^  These  freestanding  thin-film 
electrolytes  have  adequate  dimensional  stability  to  serve  as  the  separators  in  these  batteries.  Their 
high  conductivity  results  from  the  presence  of  solutions  of  lithium  salts  in  low  molecular  weight 
organic  solvents  such  as  ethylene  carbonate  (EC),  propylene  carbonate  (PC),  butylene  carbonate 
(BC),  dipropyl  carbonate  (DPC),  y-butyrolactone  (y-BL),  3-methyl-2-oxazolidinone  (MEOX)  and 
mixtures  thereof.  Conductivity  of  the  solid  electrolyte  is  dependent  upon  the  concentration  and 
the  mobility  of  the  charge  carriers  derived  from  the  Li  salt,  which  in  turn  is  dependent  upon  the 
fluidity  of  the  ionic  environment  This  requirement  tends  to  be  very  critical  at  subambient 
temperatures  where  freezing  of  the  plasticizer  could  drastically  affect  the  ionic  motion.  Thus, 
development  of  a  solid  polymer  electrolyte-based  ionic  conductor  suitable  for  subambient 
temperatures  requires  mixtures  of  high  permittivity  polar  plasticizers  that  can  produce  low  melting 
eutectics  of  ionic  solvates  formed  between  the  lithium  salt  and  the  plasticizers,  providing  a  more 
fluid  environment  for  ionic  motion. 
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During  Phase  I  of  this  program,  the  importance  of  optimizing  the  ratio  of  EC  and  PC  in 
binary  plasticizer  compositions  and  the  beneficial  effect  of  incorporating  BC  to  form  ternary 
plasticizers,  were  demonstrated.  The  Phase  II  program  called  for  a  more  extensive  study  to 
identify  and  optimize  electrolytes  based  on  mixtures  of  three  or  more  plasticizer  solvents  which 
are  highly  conductive  at  subambient  temperatures.  Specific  aspects  of  the  electrolyte 
development  included  the  construction  of  composition  diagrams  to  determine  electrolyte 
compositions  with  the  best  low  temperature  conductivity,  measurement  of  conductivity  at  ambient 
temperatures  as  low  as  -40°C,  determination  of  the  electrochemical  stability  window  in  the 
potential  region  between  -0.3  and  5.0  V  vs.  LiVLi  relative  to  Pt,  Ni,  A1  and  carbon  electrodes,  and 
evaluation  of  the  properties  of  the  interface  between  Li  and  the  electrolyte.  The  study  also 
involved  a  detailed  investigation  on  the  rechargeability  of  Li  and  Li-ion  cells  utilizing  these  PAN- 
based  solid  electrolytes. 
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2.0  EXPERIMENTAL 

2.1  Material 


Polyacrylonitrile  (PAN)  of  Mw  =  10^  (Polysciences)  was  dried  under  vacuum  at  ~50°C  for 
24  hours.  Propylene  carbonate  (PC)  (anhydrous,  Grant  Chemicals),  Ethylene  carbonate  (EC) 
(anhydrous.  Grant  Chemicals)  and.  Dipropyl  carbonate  (DPC)  (anhydrous.  Grant  Chemicals)  were 
used  as-received.  Butylene  carbonate  (BC)  (Mitsubishi  Chemicals,  Japan),  3-methyl-2- 
oxazolidinone  (MEOX)  (99%,  Aldrich)  y-butyrolactone  (y-BL)  (+99%,  Aldrich)  were  dried  over 
molecular  sieves  and  distilled  at  around  100°C  under  Ar  at  reduced  pressure.  All  the  solvents 
were  stored  in  the  glove  box  over  activated  Linde-4A  molecular  sieves  prior  to  use.  Lithium 
hexafluoroarsenate  (LLAsFe,  Lithco)  and  Lithium  hexafluorophosphate  (LiPFe,  Lithco)  were  used 
as-received. 


2.2  Synthesis  of  Lithiated  Manganese  Dioxide  LixMn204 

LixMn204  was  prepared  by  heating  LiOH  (99.9%,  Cerac)  with  electrolytic  manganese 
dioxide  (EMD,  >90%,  Aldrich)  at  450°C  in  air.  A  well-ground  mixture  of  the  reactants  was  fired 
in  an  alumina  boat  first  for  48  hours.  After  grinding  the  mixture  again,  it  was  fired  for  another  12 
hours.  The  product  was  repeatedly  ground  to  obtain  a  particle  size  of  smaller  than  20  pm.  Two 
samples  were  prepared  from  mixtures  containing  initial  LiOH  to  EMD  ratios  of  1:2  and  1:2.3  and 
the  compositions  were  Lio,9Mn204.2  and  Lii.oMn204.7.  respectively.  The  high  voltage  (4V) 
lithiated  manganese  oxides  were  prepared  by  heating  a  1:1.2  mixture  of  LiOH  and  EMD  at  750°  C 
for  about  60  hours  in  two  steps,  first  at  48  hours  followed  by  grinding  and  then  re-heating  the 
mixture  for  another  48  hours.  The  resulting  material  was  ground  again  to  an  average  particle  size 
of  20  pm 


2.3  Synfliesis  of  Polymer  Electrolytes  (SPE) 

Polymer  electrolytes  were  prepared  by  heating  a  weighed  and  thoroughly  mixed  slurry  of 
PAN,  Li  salt  and  plasticizers  in  a  Pyrex  bottle  at  140°C  in  the  glove  box  for  about  30  minutes. 
The  transparent,  viscous  melt  was  placed  between  stainless  steel  shims  covered  with  FEP  films 
and  roUed  between  slip  rollers  to  form  SPE  film.  Upon  cooling,  mechanically  strong  films  of 
typical  thickness  between  50-75  pm  were  formed.  Preparation  of  precursor  mixtures,  their 
processing  and  roUing  of  SPE  films  were  carried  out  in  a  Vacuum  Atmospheres  Corporation 
Hawthorne,  CA)  glove  box  purged  with  Argon. 

2.4  Conductivity  Measurements 

Ionic  conductivity  of  the  polymer  electrolyte  membrane  was  determined  using  impedance 
spectroscopy.  This  procedure  involved  the  use  of  an  EG&G  PAR  (Model  273) 
potentiostat/galvanostat  and  EG&G  lock-in  analyzer  (Model  5208)  in  the  frequency  range  of  0.1 
Hz  to  100  KHz  to  apply  a  5  mV  AC  modulation  across  the  conductivity  cell.  The  phase  and 
amplitude  of  the  current  response  to  this  applied  voltage  was  used  to  calculate  the  real  and 
imaginary  components  of  the  impedance.  Acquisition  and  analysis  of  the  data  as  well  as  the 
operation  of  the  potentiostat/galvanostat  and  the  lock-in  amplifier  were  software  controlled  from 
an  IBM-PC.  Conductivity  measurements  are  done  in  duplicate  using  electrolyte  fiJms  of  known 
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thickness  sandwiched  between  two  cylindrical  (1.27  cm^)  stainless  electrodes.  Schematic  of  the 
set  up  used  to  measure  electrolyte  impedance  is  given  in  Figure  1.  The  data  were  collected  at 
+25°C,  +10°C,  -10°C,  -25°C  and  -40°C  after  thermostating  the  conductivity  cell  in  a  Tenney  Jr. 
environmental  chamber. 


Figure  1.  Schematic  of  the  setup  used  to  measure  impedance  of  solid  polymer 
electrolyte. 

AC  modulation  gives  rise  to  a  current  inversely  proportional  to  the  electrolyte  impedance 
Z  according  to  equation  [1]. 


I  =  V/Z  [1] 

where,  impedance  Z  =  Z  (Real)  +  Z  (imaginary).  The  Z  (real),  which  is  the  real  part  of  the 
impedance  include  the  bulk  resistance  of  the  electrolyte.  Z  (imaginary)  includes  impedance  due  to 
the  RC  coupling  of  parallel  resistance  (R)  and  capacitance  (C)  elements  included  in  the  network 
representing  the  SPEy/stainless  steel  interface.  Since  Z  (imaginary)  =  l/caC,  where  to  is  the 
frequency  of  the  modulation,  typical  impedance  measurement  involves  scanning  the  frequency  at  a 
constant  applied  potential.  In  the  present  case  scanning  is  limited  to  the  range  of  500  kHz  to  5 
Hz,  while  the  applied  potential  is  maintained  at  zero. 

Impedance  data  are  typically  displayed  as  a  graph  of  Z  (real)  vs.  Z  (imaginary)  called  a 
Cole-Cole  plot,  from  which  bulk  resistance  Rb  can  be  readily  obtained  as  the  first  high  frequency 
intercept  on  the  Z  (real)  axis.  The  conductivity  of  SPE  is  calculated  from  the  relationship  give  in 
equation  [2]. 

a  =  y(RbxA)  [2] 

where,  a  is  the  conductivity,  A  is  the  active  contact  area,  1  is  the  thickness  of  the  SPE  film,  and  Rb 
is  the  bulk  resistance. 
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Figure  2a.  Equivalent  circuit  for  the  solid  Figure  2b.  Impedance  plot  for  the  equivalent 

polymer  electrolyte  (SPE)//stainless  steel  circuit  shown  in  Figure  2a  (Ret  is  assumed  to 

interface,  where  Rb  is  the  bulk  resistance  be  infinit). 

of  the  SPE,  Ret  is  the  charge  transfer 
resistance,  C  is  the  interfacial  capacitance. 

The  equivalent  circuit  which  describes  the  impedance  of  SPE  is  shown  in  Figure  2a  where, 
Rb  is  the  SPE  bulk  resistance,  C  is  the  interfacial  capacitance  and  Ret  is  the  charge  transfer 
resistance.  The  two  stainless  steel  electrodes  act  as  blocking  electrodes  to  cationic  as  well  as 
anionic  charge  carriers  present  in  the  electrolyte.  Consequently,  the  charge  transfer  resistance  can 
be  considered  infinitely  high  and  the  resulting  Cole-Cole  impedance  plot  typically  appears  as  a  line 
vertical  to  the  Z  (real)  axis  (actually,  a  semicircle  with  an  infinitely  high  radius)  offset  from  the 
origin  by  the  bulk  resistance,  as  shown  in  the  Figure  2b.  Typical  impedance  plots  for  SPE  usually 
do  not  show  a  perfect  vertical  line  expected  for  an  ideally  blocking  type  interface.  The  less-than- 
ideal  behavior  may  be  due  to  rough  surface  of  the  electrode  or  impurity  related  charge  transfer  at 
the  SPE/stainless  steel  interface.  The  high  frequency  intercept  on  the  real  axis  of  the  Cole-Cole 
plots  of  the  impedance  data  gave  the  electrolyte  resistance 

2.5  Electrochemical  Stability  Measurements 

Electrochemical  stability  measurement  was  performed  by  using  a  Schlumberger  SI 286 
Electrochemical  Interface.  Schematic  of  the  cell  used  for  this  measurement  is  shown  in  Figure  3. 

Pt,  Ni,  A1  were  cut  to  0.25  cm^  size,  cleaned  with  soap  and  water  and  degreased  with 
pentane.  Pt  and  Ni  were  etched  with  concentrated  HNO3  and  50%  aqueous  HCl,  respectively, 
followed  by  washing  with  distilled  water.  Carbon  electrodes  (0.25  cm^)  were  made  by  dip  coating 
from  a  homogenized  suspension  of  2%  polyethylene,  1%  PTFE  and  97%  carbon  (Conoco)  onto 
an  A1  foil  followed  by  air  drying  and  then  hot  pressing  at  150°C  for  30  seconds  under  a  load  of  10 
tons  The  ceU  was  fabricated  by  sandwiching  the  polymer  electrolyte  between  an  oversized  Li 
counter  electrode  and  a  0.25  cm^  working  electrode.  A  Li  electrode  contacting  the  SPE  in 
proximity  (<1  mm)  to  the  working  electrode  served  as  the  reference  electrode.  The  whole 
assembly  is  positioned  between  two  glass  plates  and  secured  with  metal  clips.  Cyclic  voltammetry 
experiments  were  done  under  software  control  from  an  IBM-PC  in  the  potential  region  between 
-0.3  and  5.0V  vs.  Li*/Li  on  Pt,  Ni,  A1  and  carbon  electrodes.  Following  a  series  of  preliminary 
experiments,  a  0.5  mV/sec  scanning  rate  was  chosen  for  all  the  cyclic  voltammetry  experiments. 
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Figure  3.  Schematic  of  the  cell  used  for  cyclic 
voltammetric  measurement  on  solid  polymer 
electrolytes. 


2.6  Fabrication  and  Cycling  of  Li/LixMn204  Cell 

The  prototype  test  cells,  with  the  configuration  Li//SPE//LijtMn204,  typically  contained 
rolled  cathode  laminates.  The  cathode  composition  based  on  either  of  the  two  low  voltage 
materials  was  close  to  51  w/o  LixMn204:8  w/o  Carbon:41  w/o  binder.  The  composition  of  the 
binder  was  related  to  the  SPE  used  in  a  test  cell  but  with  reduced  contents  of  PAN  and  LiAsFe. 
For  example,  the  SPE  typically  used  in  cells  containing  the  low  voltage  (3V)  cathode  material  had 
32.1  w/o  EC:30.6  w/o  PC:  12.6  w/o  MEOX:12.1  w/o  PAN:  12.7  w/o  LLAsFe  whereas,  the 
corresponding  cathode  binder  had  36.4  w/o  EC:34.7  w/o  PC:  14.3  w/o  MEOX:7.3  w/o  PAN:7.3 
w/o  LLAsFe.  Rolling  the  cathode  mixture  was  done  under  conditions  identical  to  that  of  solid 
polymer  electrolytes.  These  electrodes  are  typically  identified  in  the  text  as  hot-rolled  electrodes. 
Li/LixMn204  solid  state  cells  were  fabricated  by  sandwiching  the  polymer  electrolyte  laminate 
(100-125  lam  thickness)  between  the  Li  foil  anode  and  the  LijMn204  cathode  laminate 
(approximately  100  |i.m).  The  cathode  had  an  active  area  of  10  cm^.  AJ  foil  served  as  the  cathode 
current  collector  and  Ni  strips  were  used  as  electrode  leads.  The  sandwich  was  vacuum-packed  in 
an  aluminized  polyethylene  bag.  A  computer  controlled  ARBIN  24-channel  battery  cycler  was 
used  to  cycle  the  cells.  A  schematic  diagram  of  a  sold  state  cell  is  shown  in  Figure  4. 


Section  A-A 


Current  Collector 


Polymer 
Electrolyte 


Anode 

Current  Collector 


Figure  4.  Schematic  of  the  cell  used  in  studies  of  the 
rechargeability  of  Li  or  Li-ion  cells. 
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2.7  Fabrication  and  Cycling  of  Carbon/LixMn204  Cells 

A  high  voltage  (4V)  lithiated  manganese  dioxide  cathode  in  conjunction  with  a  carbon 
composite  anode  was  used  to  fabricate  Li-ion  cells.  The  cathodes  were  laminates  of  a  composite 
typically  hot-rolled  on  to  an  A1  film.  They  usually  comprised  of  LixMn204  (4V),  polymer 
electrolyte  and  Chevron  black  at  the  proportions  of  53.2:38.8:8.0  by  weight.  Carbon  anodes  were 
similarly  rolled  on  to  Ni  foil  and  a  typical  graphite  composite  for  example,  contained  Alfa 
graphite,  and  polymer  electrolyte  blended  together  at  the  proportions  of  51:49  by  weight.  In 
cases  where  A1  powder  was  included  in  the  graphite  composites,  a  composition  with  Alfa  graphite 
38.4  w/o:Al  powder  12.8  w/o:Chevron  black  1.3  w/o:polymer  electrolyte  47.5  w/o  was  used. 
Two  other  procedures  were  used  to  prepare  electrodes.  These  were:  i)  a  process  involving  no 
heating,  in  which  the  binder  was  introduced  as  a  concentrated  solution  of  a  polymer  (e.g., 
polyCvinyl  chloride-co-vinyl  acetate  (COP)  in  THF.  After  rolling  the  composite  laminate  the  low 
boiling  solvent  was  evaporated  at  a  temperature  slightly  above  the  ambient  leaving  high  boiling 
plasticizers  in  the  composite.  A  typical  composition  expressed  in  w/o  included  49.3  Graphite:  14.6 
Al:1.5  carbon:7.4  COP:  14.7  EC:14.4  BL:3.4  LiAsF6.  The  electrodes  made  by  this  process  is 
referred  to  as  solvent-cast  electrodes  in  the  text,  ii)  spreading  a  homogenized  slurry  made  of  the 
dry  precursors  such  as  carbon  or  LixMn204,  and  a  polymeric  binder  in  N-methyl  pyrrolidine 
(NMP)  on  a  current  collector  (A1  mesh  for  the  cathode  and  Cu  mesh  for  the  carbon  anode), 
evaporating  off  the  solvent  at  100  °C  under  vacuum  and  finally,  hot-pressing  the  resulting  dry 
laminates  at  150°C  under  a  load  of  10  tons.  Polyethylene  (PE)  and  poly(vinyledene  fluoride) 
(PVDF)  were  used  as  the  binders  for  the  LixMn204  and  carbon  electrodes,  respectively.  The  term 
hot-pressed  is  used  in  the  text  to  describe  this  type  of  electrodes.  These  electrodes  were 
impregnated  with  a  liquid  electrolyte  prior  to  use  in  cells. 
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3.0  RESULTS  AND  DISCUSSION 


3. 1  Development  of  Solid  Polymer  Electrolytes  Suitable  for  Subambient 
Temperatures 

3.1.1  Physical  Properties  of  Plasticizers.  The  plasticizers  used  in  this  study  have  the 
following  structures  and  some  of  their  physical  properties  are  given  in  Table  1. 


CH'3  C2H5 

r\  )~\ 

Y  Y  Y 


O 

EC 


o 

PC 


o 

BC 


C3H7  C3H7 

o.  o 


T 

DPC 


Table  1.  Physical  Properties  of  Solvents. 


Component 

Dielectric 

Constant 

Viscosity 

(CP) 

Boiling 
Point  (°C) 

Melting 
Point  (°C) 

Ethylene  carbonate  (EC) 

89.6 

1.85  (40°C) 

238 

36.5 

Propylene  carbonate 

63.8 

2.53 

240 

-55 

Butylene  carbonate 

53 

3.2 

240 

-53 

3-Methyl-2-oxazolidinone  (MEOX) 

78 

2.5 

87-90/1  mm 

15 

y-Butyrolactone 

89-93/5  mm 

-45 

Dipropyl  carbonate 

167-168 

The  high  boiling  points  and  low  vapor  pressures  (except  DPC)  of  these  solvents  make 
them  desirable  as  plasticizers  for  the  preparation  of  electrolytes  with  good  dimensional  stability 
and  minimal  changes  in  the  composition  from  solvent  evaporation  during  storage.  They  also  have 
high  dielectric  constants  which  should  allow  the  preparation  of  high  conductivity  electrolytes.  AU 
of  these  solvents  have  been  previously  used  in  liquid  electrolyte-based  primary  and  secondary  li 
batteries.'^  However,  it  was  necessary  to  identify  specific  solvent  mixture  compositions  with 
which  homogeneous  solid  electrolyte  phases  having  high  conductivity  over  a  wide  temperature 
range  could  be  prepared  with  PAN  and  LiAsFe. 

3.1.2  Effect  of  SPE  Thickness  on  the  Conductivity  Measurement  SPE  samples 
used  for  the  conductivity  measurement  were  made  in  small  batches  using  a  pair  of  manually 
controlled  slip  rollers  and  as  a  result,  precise  control  of  the  SPE  thickness  was  not  feasible. 
Therefore,  it  was  of  interest  to  find  out  the  effect,  if  any,  of  the  SPE  thickness  on  the  conductivity 
of  the  sample. 
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The  data  in  Figure  5  demonstrate  that  the  conductivity  of  SPE  increases  with  thickness 
and  reaches  a  plateau  (prominent  at  low  temperature)  as  the  thickness  is  increased  further.  We 
may  explain  this  in  the  following  way.  When  the  SPE  sample  is  held  between  two  stainless  steel 
electrodes  it  gets  compressed  under  the  pressure  of  springs.  As  the  thickness  (1)  decreases,  if  the 


Figure  5.  Solid  polymer  electrolyte  conductivity  as  a  function  of  the  SPE 
thickness  at  various  temperatures. 

resistance  R  also  decreases  proportionately,  the  conductivity  a  will  be  overestimated  since  the 
original  thickness  is  used  in  calculating  the  conductivity  (equation  [2]).  However,  if  some  liquid 
electrolyte  in  the  SPE  plasticizer  is  squeezed  out  of  the  electrode  contact  area  due  to 
compression,  R  may  actually  go  higher  than  the  original  value  (overestimated).  The  result  would 
be  a  lower  apparent  conductivity.  The  thinner  the  sample  the  higher  will  be  the  difference 
between  the  real  and  the  apparent  values  of  R  and  the  lower  will  be  the  conductivity.  In  aU 
further  studies  efforts  were  made  to  maintain  the  SPE  thickness  in  the  vicinity  of  3.5  mil  so  that, 
comparison  of  conductivity  among  different  SPE  samples  (compositions)  was  possible. 

3.1.3  Composition  Diagrams  for  Solid  based  on  Ternary  Solvent  Mixtures  as 
Plasticizers.  Dimensionally  stable,  PAN-based  polymer  electrolytes  have  been  prepared  from 
ternary  plasticizers  containing  mixtures  of  EC  and  PC  along  with  either  BC  or  MEOX.  Only 
certain  mixtures  of  the  three  solvents  led  to  homogeneous  free-standing  films.  These  are 
presented  in  the  form  of  composition  diagrams.  Since  there  are  five  components  in  each 
electrolyte  including  the  three  solvents,  LLAsFe  and  PAN,  a  full  representation  of  each  electrolyte 
requires  a  five  component  composition  diagram  even  when  the  temperature  is  fixed  and  only  one 
Li  salt  is  considered.  Obviously,  a  task  of  this  proportion  involves  the  preparation  and 
conductivity  measurement  of  a  very  large  number  of  electrolytes.  However,  in  the  present  study 
this  task  was  simplified  by  fixing  the  amounts  of  PAN  and  LiAsF6  at  21  m/o  and  8  m/o, 
respectively,  and  focusing  attention  primarily  on  the  three-component  plasticizer  mixture.  This 
approach  was  considered  reasonable  for  several  reasons.  A  principal  role  of  PAN  is  to  provide 
dimensional  stability  to  the  electrolyte  laminate  and  our  previous  work  with  PC-  and  EC- 
containing  electrolytes  indicated  that  21  m/o  of  PAN  was  sufficient  to  provide  adequate 
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dimensional  stability.  The  Li  salt  content  of  8  m/o  was  close  to  the  optimum  for  the  highest 
conductivity.  Since  the  plasticizer  solvent  formed  71  m/o  of  the  electrolyte  composition,  its 
interaction  with  the  Li  salt  to  form  the  eutectic  solvate  can  be  considered  as  the  most  important 
factor  that  determines  the  conductivity  of  the  electrolyte.  LiAsFe  was  the  preferred  salt  in  this 
study  because  it  forms  highly  conductive  solutions  with  organic  solvents  and  it  is  the  salt  desired 
for  high  efficiency  cycling  of  the  Li  anode.^  Preliminary  experiments  involved  a  series  of  ternary 
plasticizers  chosen  randomly  to  identify  the  area  of  the  ternary  composition  diagram  desirable  for 
SPE  formation  and  to  locate  the  region  where  electrolytes  with  high  conductivities  at  low 
temperature  are  found.  Following  this  initial  survey,  a  series  of  electrolytes  with  systematically 
varying  ternary  plasticizer  compositions,  which  included  these  regions  of  high  conductivity,  was 
designed. 


Three  such  electrolyte  series  (L,  M,  N)  in  the  EC/PC/BC  composition  diagram  are 
depicted  in  Figure  6. 

BC 


Figure  6.  Region  of  the  EC-PC-BC  composition  diagram  favorable 
(not  hatched)  for  solid  polymer  electrolyte  formation  with  PAN  and 
LiAsFe. 

Each  series  includes  compositions  with  varying  BC  content  which  fall  on  the  same  straight 
line  connecting  the  BC  apex  and  a  particular  point  on  the  PC/BC  axis.  As  a  result,  as  the  location 
of  any  composition  moves  from  the  PC/EC  axis  towards  the  BC  apex,  EC  and  PC  are 
proportionately  reduced  and  BC  is  substituted  to  make  up  for  the  deficit  The  electrolytes 
incorporating  these  ternary  plasticizers  had  the  general  composition  of  21  m/o  PAN,  71  m/o 
plasticizer  and  8  m/o  LiAsFe. 
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Table  2  contains  the  compositions  of  some  M-series  electrolytes.  As  mentioned  earlier, 
homogeneous  solid  polymer  electrolytes  (SPE)  are  possible  only  for  certain  combinations  of  the 
plasticizers.  For  example,  all  compositions  which  are  located  inside  the  hatched  area  failed  to 
form  a  homogeneous  melt,  upon  heating,  that  could  be  rolled  into  a  transparent  thin  laminate  and, 
are,  therefore,  considered  to  be  unsuitable. 


Table  2.  Conductivities  of  M-Series  (Figure  6)  Electrolytes. 


Electrolyte 

Conductivity  x  10^ 

(ohm'‘  cm' 

‘)  at: 

No. 

PAN:EC:PC:BC;LiAsF6  m/o 

+25  °C 

+10°C 

-10°C 

-25  °C 

-40  °C 

BC6 

21.0:44.2:26.8:0.0:8.0 

237 

153 

56 

16 

3 

BC7 

21.0:40.5:24.5:6.0:8.0 

231 

156 

61 

18 

3 

BC8 

21.0:38.3:23.2:9.5:8.0 

232 

162 

68 

19 

4 

BC9 

21.0:36.7:22.3:12.0:8.0 

252 

186 

88 

27 

6 

BCIO 

21.0:35.5:21.5:14.0:8.0 

203 

139 

65 

20 

4 

BCll 

21.0:33.0:20.0:18.0:8.0 

154 

117 

48 

15 

3 

Since  the  region  desirable  for  SPE  formation  is  located  towards  the  EC  corner  of  the 
composition  diagram,  EC  can  be  considered  an  indispensable  component  of  the  plasticizer  mix. 
Note  that,  of  the  three  plasticizer  solvents,  EC  has  the  highest  dielectric  constant  which  may  be 
necessary  to  form  a  gel  with  a  considerable  amount  of  the  polar  polymer  host  and,  at  the  same 
time,  to  solvate  high  concentration  of  the  Li  salt.  Desirable  binary  compositions  between  EC  and 
BC  include  those  with  no  more  than  40  m/o  BC  (relative  to  the  total  of  EC  and  BC).  On  the 
other  hand,  in  binary  compositions  consisting  of  EC  and  PC,  as  high  as  70  m/o  PC  (relative  to  the 
total  of  EC  and  PC)  can  be  used  in  the  plasticizer  mixture.  The  L-series  compositions  with  high 
PC  content  (Figure  6)  incorporate  only  about  6  m/o  of  BC  before  they  become  unsuitable  for  SPE 
formation,  whereas  M-series  compositions  can  accommodate  as  much  as  24  m/o  of  BC.  In  the 
latter  case,  the  high  permittivity  of  EC  may  have  compensated  for  the  low  permittivity  of  BC, 
thereby  maintaining  high  overall  permittivity  of  the  mixture. 

As  depicted  in  Figure  7,  different  areas  of  the  PC-EC-MEOX  composition  diagram  was 
systematically  surveyed  not  only  to  isolate  the  region  where  mechanically  strong  electrolyte 
formation  was  possible,  but  also  to  identify  possible  candidates  for  low  ambient  temperature  use. 
The  basis  for  selecting  the  various  test  compositions  on  the  ternary  composition  diagram  was  the 
same  as  described  above  for  EC-PC-BC-based  electrolytes.  As  Figure  7  indicates,  MEOX 
content  in  the  Q-series  electrolytes  varies  from  zero  electrolyte  (MXl)  upwards  and  all  these 
compositions  have  a  common  EC/(EC+PC)  ratio  equal  to  0.55.  A  few  compositions  which  we 
investigated  are  given  in  Table  3. 
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Figure  7.  Region  of  the  EC-PC-MEOX  composition  diagram 


favorable  (not  hatched)  for  solid  polymer  electrolyte  formation 
with  PAN  and  LiAsFe. 

Table  3.  Conductivities  of  Electrolytes  MEOX  containing  Ternary  Compositions. 

Electrolyte 

Conductivity  x  10^  (ohm'*  cm'*)  at: 

No. 

PAN:EC;PC;MEOX:LiAsF6  m/o 

+25  °C 

+10°C 

-10°C 

-25  °C 

-40  °C 

MXl 

21.0:40.2:32.9:0.0:6.0 

213 

167 

82 

27 

7 

MX3 

21.0:33.8:27.7:11.5:6.0 

298 

218 

102 

39 

11 

MX5 

21.0:27,8:22.7:22.5:6.0 

275 

204 

98 

44 

8 

MX6 

21.0:37.5:25.0:10.5:6.0 

249 

196 

93 

39 

10 

MX8 

21.0:36.3:24.2:12.5:6.0 

261 

187 

89 

34 

10 

MX9 

21.0:31.1:31.1:10.7:6.0 

283 

209 

100 

38 

10 

MXIO 

21.0:34.4:23.9:14.7:6.0 

279 

197 

101 

37 

11 

MX23 

21.0:10.8:8.7:53.4:6.0 

310 

237 

115 

45 

16 

MX22 

21.0:0.0:0.0:73.0:6.0 

321 

234 

126 

11 

0.5 

Base  line 

21.0:61.0:13.0:0.0:5.0 

150 

- 

50 

• 

1 

(20  °C) 
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All  MEOX  containing  SPE  had  a  total  plasticizer  mixture  of  73.0  vaJo  with  21.0  m/o  PAN 
and  6.0  m/o  UAsFe.  The  reason  for  the  use  of  6  m/o  Li  salt  as  opposed  to  8  m/o  in  the  BC 
containing  electrolytes  will  become  clear  later.  The  compositions  that  appear  in  the  hatched  area 
in  Figure  7  represent  plasticizer  mixtures  not  suitable  for  SPE  formation.  Again,  the  region 
desirable  for  SPE  formation  is  located  towards  the  EC  comer.  It  is  interesting  to  note  that,  while 
PC-EC  binary  compositions  can  successfully  incorporate  up  to  30  m/o  PC,  only  10  m/o  PC  is 
possible  with  PC/MEOX  mixtures.  On  the  other  hand,  the  whole  range  of  MEOX/EC  mixture  is 
suitable  for  SPE  formation.  This  suggests  that  the  order  of  plasticizing  ability  of  individual 
solvent  is  EC>MEOX»>PC.  Data  given  in  Table  3  indicate  that  compositions  suitable  for  low 
temperature  applications  can  be  found  in  high  MEOX  (Electrolyte  MX23)  as  well  as  low  MEOX 
(MX3)  regions  of  the  ternary  composition  diagram.  These  two  domains  are  flanked  by  a  region 
representing  compositions  undesirable  for  SPE  formation.  One  may  speculate  that  there  can  be 
other  EC-PC-MEOX  compositions  that  leads  to  SPEs  with  superior  low  temperature 
conductivity.  The  potential  of  such  compositions  in  this  or  any  other  ternary  system  may  not  be 
realized,  however,  unless  they  are  capable  of  forming  a  gel  with  PAN.  Therefore,  gel  formation 
itself  seriously  limits  the  choices  one  has  for  plasticizer  mixtures  suitable  for  SPE  preparation. 

3.1.4  Conductivity  of  Ternary  Electrolytes.  Conductivities  of  SPEs  based  on  M- 
series  plasticizers  (Figure  6)  in  the  temperature  range  of  -40  to  25°C  are  given  in  Table  2.  In  this 
series  of  electrolytes,  the  composition  with  12  m/o  BC  electrolyte  (Electrolyte  BC9)  has  shown 
the  highest  conductivity  over  the  whole  temperature  range.  In  relation  to  the  data  given  in  Table 
2,  Figure  8  illustrates  SPE  conductivity  as  a  function  of  BC  mole  fraction  of  the  ternary  plasticizer 
at  different  temperatures. 

Evidences  discussed  below  show  that  the  highest  conductivity  of  the  BC9  electrolyte  is 
consistent  with  the  formation  of  a  low  melting  eutectic  of  ionic  solvates  formed  between  LLAsFe 
and  the  plasticizers.  If  the  conductivity  at  a  particular  temperature  (ref.  Table  2)  for  each 
composition  is  normalized  against  the  highest  value  observed  for  BC9  at  that  temperature  and 
plotted  as  a  function  of  BC  mole  fraction,  one  obtains  the  result  shown  in  Figure  9.  At  room 
temperature,  as  BC  mole  fraction  of  the  ternary  plasticizer  x  100,  is  increased  from  zero 
(Electrolyte  BC6)  through  17  (Electrolyte  BC9),  no  substantial  variation  of  conductivity  is 
evident  For  example,  the  ratio  of  SPE  conductivities  corresponding  to  17  Xbc  and  5  Xbc  is  close 
to  1.1  as  shown  in  Figure  9. 

This  is  expected  since,  LiAsF6  containing  liquid  electrolytes  with  5  Xbc  and  17  Xbc 
compositions  are  in  the  liquid  state  at  room  temperature.  Yet,  for  -40°C,  the  same  ratio  becomes 
greater  than  20.  Assuming  that  17  Xbc  leads  to  a  low  melting  eutectic  of  solvates  of  the  Li  salt, 
this  SPE  should  retain  a  more  fluid  environment  and  show  higher  conductivity  at  low  temperature. 
In  comparison,  SPE  originating  from  a  non-eutectic  composition  should  result  in  a  substantially 
lower  conductivity.  Thus,  the  disparity  between  the  conductivities  of  the  5  Xbc  and  17  Xbc 
compositions  can  be  explained  in  terms  of  the  formation  of  Li  salt-solvent  eutectics.  The  eutectic 
nature  of  the  17  Xbc  plasticizer  composition  was  further  investigated  by  measuring  the 
conductivity  of  liquid  electrolytes  in  solvent  mixtures  corresponding  to  5  Xbc  and  17  Xbc 
compositions  (i.e.,  mixtures  without  PAN).  The  conductivity  data  as  a  function  of  temperature 
are  given  in  Figures  10  and  1 1. 
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Figure  8.  Solid  polymer  electrolyte  conductivity  as  a  function  of  the  mole  fraction 
of  BC  in  the  EC-PC-BC  liquid  ternary  plasticizer,  at  various  temperatures. 


Figure  9.  Normalized  solid  polymer  electrolyte  conductivity  observed  at  a 
particular  temperature  as  a  function  of  the  mole  fraction  of  BC  in  the  EC-PC-BC 
liquid  ternary  plasticizer. 
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Figure  10.  Conductivity  vs.  temperature  of  several  different  concentrations  of 
LLAsFe  in  the  EC-PC-BC  liquid  ternary  plasticizer  containing  17  Xbc- 


Inverse  Temperature  (K'^)  x  1000 

Figure  11.  Conductivity  v^.  temperature  of  several  different  concentrations  of 
liAsFe  in  the  EC-PC-BC  liquid  ternary  plasticizer  containing  5  Xbc- 
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The  non-Arrhenius  behavior  of  the  temperature-dependent  conductivity  of  ternary 
electrolytes  with  Xbc  =  17  can  be  seen  in  the  log(a)  vs.  1/T  plots  in  Figure  10.  None  of  these 
solutions  was  frozen  at  -45  °C,  the  lowest  temperature  at  which  data  were  taken.  On  the  other 
hand,  for  solutions  with  Xbc  =  5  in  Figure  11,  a  discontinuity  is  evident  at  a  certain  temperature 
for  concentrations  below  1.2M.  Visual  observations  confirmed  that  the  solutions  were  frozen 
below  this  temperature.  In  the  SPE  compositions  tested  so  far,  concentration  of  the  Li  salt 
relative  to  the  ternary  plasticizer  mixture  alone  falls  within  1-1.2M.  Inclusion  of  the  polymer  in 
the  gel  phase  should  make  the  actual  salt  concentration  in  the  SPE  even  lower.  Therefore,  data 
shown  in  Figures  9  and  10  strongly  suggest  the  possibility  of  phase  separation  in  the  SPE  at  low 
ambient  temperatures  when  the  BC  mole  fraction  in  the  ternary  plasticizer  mixture  corresponds  to 
5  Xbc,  which  leads  to  a  low  conductivity.  This  situation  should  be  common  to  any  plasticizer 
other  than  the  eutectic  composition  and  as  a  result  an  SPE  with  a  non-eutectic  composition 
should  yield  lower  conductivity  at  subambient  temperatures  as  already  seen  in  Figure  9.  A 
number  of  ternary  mixtures  around  the  most  favorable  17  Xbc  (BC9)  composition  were  tested  for 
SPE  formation  and  also  for  conductivity.  In  close  proximity  to  BC9  they  all  showed  comparable 
conductivities  and,  therefore,  the  SPE  with  this  particular  amount  of  BC  was  chosen  for  further 
study. 


3.1.5  Effect  of  Li  Salt  Content  on  Conductivity.  As  illustrated  in  Figure  12  and  Table 
4,  variation  of  SPE  conductivity  with  temperature  as  a  function  of  LiAsFe  molality  reveals 
dependence  of  the  conductivity  on  LiAsFe  content. 

o 

o 


Figure  12.  Conductivity  vs.  LiAsFe  molality  for  SPE  with  EC-PC-BC  liquid 
ternary  plasticizer  containing  17  Xbc- 
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Table  4.  Conductivities  of  Solid  Polymer  Electrolytes  with  Different  LiAsFe  Content. 


Electrolyte 

Conductivity  x  10^  (ohm 

cm'*)  at: 

No. 

PAN:EC;PC:BC:LiAsF6  m/o 

+25  °C 

+10°C 

-io°c 

25°C  -40°C 

3C12 

21.0:39.8:24.1:13.0:2.0 

216 

177 

103 

53 

17 

BC13 

21.0:38.8:23.5:12.7:4.0 

215 

170 

94 

43 

13 

BC14 

21.0:38.3:23.2:12.5:5.0 

263 

197 

108 

35 

13 

BC15 

21.0:37.8:22.9:12.3:6.0 

288 

214 

114 

41 

11 

BC9 

21.0:36.7:22.3:12.0:8.0 

262 

196 

38 

29 

07 

The  SPE  compositions  investigated  are  based  on  the  (EC-PC-BC/LiAsFe)  liquid 
plasticizer  compositions  corresponding  to  17  Xbc  and  they  all  have  a  common  PAN/plasticizer 
ratio  of  0.30,  and  an  EC/(EC  +  PC)  ratio  of  0.62.  Assuming  that  PAN  functions  as  a  'polymer 
solvent'  along  with  the  plasticizer,  the  combined  weight  of  the  polymer  and  the  ternary  electrolyte 
was  used  in  calculating  the  salt  molality.  As  LLAsFe  concentration  is  increased,  e.g.,  at  25  °C,  the 
conductivity  goes  through  a  maximum.  The  appearance  of  a  conductivity  maximum  may  indicate 
the  interplay  of  increasing  charge  carrier  concentration,  viscosity  and  ion  pairing  effects. 
Morphological  changes  in  the  gel  phase  that  occur  at  high  salt  concentration  may  also  have  a 
negative  influence  on  conductivity.  The  BC15  composition  with  high  overall  conductivity 
corresponds  to  6  m/o  of  the  LiAsFe  salt.  As  the  temperature  approaches  -40  °C,  the  conductivity 
increases  with  decreasing  salt  content  and  this  may  be  due  to  the  increasing  mobility  of  charge 
carriers  with  decreasing  salt  content  or  perhaps,  dominance  of  the  ion  pairing  effect  when  the 
liquid  phase  supporting  the  conductance  becomes  too  viscous  at  low  temperature. 

3.1.6  Effect  of  the  Type  of  Salt.  Type  of  salt  used  in  the  solid  polymer  electrolyte 
affects  the  SPE  conductivity  as  shown  in  Table  5.  A  common  composition  of  37.8  m/o  EC:22.9 
m/o  PC:12.3  m/o  BC:21.0  m/o  of  PAN:6.0  m/o  salt  corresponding  to  17  Xbc  plasticizer  was  used 
in  this  study. 


Table  5.  Effect  of  the  Type  of  Salt  on  SPE  Conductivity. 


No. 

Li  salt 

Conductivity  x  10^  (ohm'*  cm'*)  at: 

+25  °C 

+10°C 

-10°C  -25°C  -40°C 

BC15 

LiAsFe 

288 

214 

114  41  11 

BC16 

LiPFe 

216 

177 

103  53  17 

BC17 

LiN(CF3S02)2 

215 

170 

94  43  13 
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Substitution  of  LiPFe  for  LiAsFs  in  the  Electrolyte  BC15  (Table  5)  formed  SPEs  with 
similar  conductivities.  The  higher  molecular  weight  of  the  LiN(CF3S02)2  salt  (No.  BC17) 
prevents  formation  of  a  SPE  with  6  m/o  of  that  salt  as  it  was  over  17  w/o  of  the  composition 

3.1.7  SPE  containing  EC-y-BL  Binary  Plasticizers.  Work  related  to  optimizing  the 
ratio  of  EC  to  y-BL  in  the  plasticizer  was  undertaken  and  the  results  are  presented  in  Figure  13. 
The  composition  with  the  highest  overall  conductivity  contains  about  0.6  mole  fraction  of  y-BL. 
Conductivity  of  the  corresponding  SPE  reached  3.8  x  10'^  S  cm'‘  at  25°C  and  1.7  x  lO'^  S  cm  '  at 
-40  ®C. 


Figure  13.  SPE  conductivity  as  a  function  of  the  mol  fraction  of  y-BL  in  the 
EC-y-BL  liquid  binary  plasticizer  at  various  temperatures. 


3.1.8  Electrochemical  Stability  of  Solid  Polymer  Electrolytes.  Since  a  laminate  of 
SPE  in  a  solid  state  Li  cell  remains  in  contact  with  both  Li  anode  and  a  composite  cathode, 
chemical  compatibility  is  always  an  important  parameter  that  determines  the  usefulness  of  the  cell. 
Since  Li  is  the  most  electronegative  element  towards  which  any  other  material  is 
thermodynamically  unstable,  long  term  chemical  stability  at  Li/SPE  interface  is  achieved  through  a 
passivation  phenomenon.  During  operation  of  a  cell,  electrochemical  reactions  at  the  anode  occur 
close  to  OV  vs.  Li‘*'/Li  while  the  cathode  reactions  take  place  at  potentials  as  positive  as  4.5V 
depending  on  the  cathode  material.  Ideally,  polymer  electrolytes  should  exhibit  stability  within 
these  potential  boundaries  and  their  usefulness  in  a  secondary  Li  cell  would  be  severely  limited 
unless  high  conductivity  is  complimented  by  favorable  electrochemical  properties.  Assessment  of 
the  electrochemical  stability  of  SPEs  has  been  the  subject  in  a  number  of  recent  studies. 
Generally,  the  cathodic  limit  of  a  SPE  is  determined  by  the  reduction  of  the  anion  or  the  plating  of 
metallic  Li,  while  the  anodic  limit  is  defined  either  by  the  oxidation  of  the  current  collector,  the 
salt  or  the  solvent.  In  the  present  study,  electrochemical  response  on  Al,  Ni,  Pt  and  Teflon- 
bonded  Conoco  coke  was  investigated  in  different  regions  between  -0.3V  to  4.2V  in  polymer 
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electrolytes.  Whenever  appropriate,  results  are  compared  with  electrolytes  containing  a  single 
plasticizer  or  a  binary  plasticizer  mixture.  An  important  objective  of  this  study  was  to  identify 
anode  and  cathode  current  collectors  suitable  for  use  with  these  electrolytes.  Pt  is  the  most 
anodically  stable  electrode  of  this  group.  At  low  potentials,  however,  Pt  alloys  with  U.^  In  order 
to  investigate  the  effect  of  individual  components  of  the  EC-PC-BC  ternary  solvent  mixture  on 
the  cyclic  voltammetric  (CV)  characteristics  of  the  SPE  containing  them,  a  proper  strategy  would 
have  been  to  use  each  plasticizer  separately  to  prepare  solid  polymer  electrolytes.  However,  BC 
or  PC  alone  does  not  produce  mechanically  strong  electrolytes  with  PAN  and  LLAsFe. 
Consequently,  the  SPEs  shown  in  Table  6  were  selected  for  CV  work  to  maximize  the  effect  of 
the  individual  plasticizer  solvent  on  the  SPE's  electrochemical  behavior. 

Table  6.  Solid  Polymer  Compositions  chosen  for  CV  Measurements. 


Electrolyte 

No. 

PAN:EC:PC:BC:LiAsF6  m/o 

PAN:EC:PC:BC:LiAsF6  w/o 

BC18 

21.0:73.0:0.0:0.0:6.0 

12.8:73.7:0.0:0.0:13.5 

BC19* 

21.0:45.5:27.6:0.0:6.0 

12.2:44.0:30.9:0.0:12.9 

BC20* 

21.0:33.9:20.6:18.5:6.0 

11.7:31.4:22.0:22.6:12.3 

*Both  solid  polymer  electrolyte  composidons,  BC19  and  BC  20,  have  a  ratio 
EC/(EC+PC)  =  0.62  and  therefore  belong  to  the  M-series  of  compositions  in  Figure  6. 

The  BC  content  in  BC20  is  close  to  the  maximum  amount  that  can  be  accommodated 
without  disrupting  the  gel  electrolyte  formation  process. 

The  CV  observations  on  Pt,  Ni,  Al,  and  C  electrodes  for  the  three  electrolytes  given  in 
Table  6  are  presented  in  Figures  14  through  16.  All  potentials  are  expressed  with  respect  to  the 
li^/Li  couple.  Figure  14  depicts  the  CV  response  of  Al  and  Pt  between  2.5V  and  4.2V. 

Aluminum  exhibits  the  lowest  overall  current  response  in  all  three  electrolytes  and  it 
appears  that  it  can  be  the  material  of  choice  for  the  cathode  current  collector.  The  similarity 
between  the  CV  profiles  for  Al  and  Pt  at  high  anodic  potentials  indicate  that  Al  like  Pt  is  resistant 
to  oxidation,  presumably  due  to  its  AI2O3  passivated  surface.  Comparison  of  the  response  of  Al  in 
Electrolytes  BC18  and  BC19  suggests  that  the  PC-containing  electrolyte  is  more  susceptible  to 
oxidation.  The  BC  in  BC20  electrolyte  seems  to  retard  the  oxidation  of  PC.  Pt  seems  to  have  a 
cathodic  response,  albeit  with  low  currents,  at  the  lower  end  of  the  potential  window.  This 
response  is  close  to  the  onset  potentials  of  the  LiAsFs  reduction’.  Significant  decrease  of  the 
current  response,  especially  on  Al,  during  the  second  CV  cycle  may  be  either  related  to  a 
passivation  phenomenon  or  simply  the  removal  of  electrolytic  impurities  within  the  first  cycle.  CV 
response  of  all  four  electrodes  l^tween  2.5  and  5.0V  in  the  Electrolyte  BC19  is  depicted  in  Figure 
15. 
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Figure  15.  Cyclic  voltammograms  on  Al,  Pt,  Ni,  and  carbon  from  2.5  to  5.0V  of  the  solid 
polymer  Electrolyte  BC19  given  in  Table  6.  Sweep  rate  was  0.5  mV/s. 

Higher  anodic  limit  may  mimic  the  situation  in  which  a  secondary  battery  is  subjected  to 
an  overcharge.  Again,  in  the  case  of  Al  anodic  response  observed  around  3.2V  during  the  first 
cycle  becomes  insignificant  until  above  4.2V  during  the  second  cycle.  This  illustrates  the 
favorable  response  of  an  Al  cathode  current  collector  towards  overcharge.  In  contrast,  the 
oxidation  currents  on  Ni,  as  shown  in  Figure  15d,  began  to  increase  substantially  beyond  4.5V 
and  continued  upwards  during  the  reverse  scan,  and  also  in  the  second  cycle.  A  highly  corroded 
electrode  surface  suggested  oxidation  of  Ni  itself.  CV  response  for  the  Pt  (Figure  15b)  and 
carbon  electrodes  (Figure  15c)  indicate  that  electrolyte  oxidation  occurs  around  4.5V  in  both 
cases.  The  difference  between  the  effective  surface  areas  of  Pt  and  carbon  (about  1500  cm^) 
correlates  with  the  relative  magnitudes  of  their  current  responses. 

Figure  16  illustrates  the  CV  response  on  all  four  electrodes  of  the  SPE  BC18  within  a 
potential  span  of  2.5V  to  -0.3V. 
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Figure  16.  Cyclic  voltammograms  on  Al,  Pt,  Ni,  and  carbon  from  2.5  to  -0.3V  of  the  solid 
polymer  Electrolyte  BC19  given  in  Table  6.  Sweep  rate  was  0.5  mV/s. 

Formation  of  Li-Al  alloys  has  been  well  documented.®*  As  can  be  seen  in  Figure  16b,  Li 
alloying  on  Al  begins  about  0.15V  and  proceeds  at  a  high  rate  in  the  cathodic  direction.  Lithium 
deposition  and  alloy  formation  take  place  simultaneously  around  OV  and  cross-over  in  the 
voltammogram  relates  to  a  nucleation  and  growth  phenomenon.  Delithiation  of  the  alloy  take 
place  at  around  750  mV.  In  the  case  of  Ni,  a  simple  Li  deposition/stripping  process  took  place 
with  nearly  100%  charge  efficiency.  Since  no  alloy  formation  was  observed,  Ni  is  the  material  of 
choice  for  the  anode  current  collector  as  being  used  traditionally  in  many  Li  cells.  Platinum, 
which  also  has  the  ability  to  form  Li  alloys,  behaved  similar  to  Al.  In  this  case,  three  peaks  for  Li 
de-alloying  located  at  0.2,  0.75  and  1.38V  are  visible  in  Figure  16a.  Unlike  the  other  electrodes, 
the  carbon  electrode  showed  a  distinct  cathodic  peak  for  Li  intercalation  at  l.OV  with  a 
corresponding  peak  centered  around  1.2V  for  the  reverse  process.  This  intercalation  process  has 
been  well  documented.^  The  peaks  located  around  OV  are  for  Li  deposition  and  stripping 
processes.  Nearly  identical  observations  with  SPE  BC20  suggest  that  BC  is  indifferent  to  the 
cathodic  processes. 

Similar  investigations  were  also  carried  out  to  determine  the  electrochemical  stability  of 
Electrolytes  MX3,  MX22,  MX23  (Table  3)  on  different  electrode  surfaces.  Electrolyte  MX22 
allowed  us  to  study  the  electrochemical  effect  of  MEOX  plasticizer  individually.  Figure  17 
depicts  the  CV  response  of  Al  and  Ni  from  2.5V  to  4.2V. 
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Figure  17.  Cyclic  voltammograms  on  A1  and  Ni  from  2.5  to  4.2V  of  the  solid  polymer 
Electrolytes  MX3,  MX23,  and  MX22  given  in  Table  3.  Sweep  rate  was  0.5  mV/s. 
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Stability  of  MEOX-containing  electrolytes  on  A1  in  this  anodic  regime  is  immediately 
recognizable  in  Figures  17a  through  17c,  where  the  decomposition  currents  remain  below 
IpA/cm^  at  4.2V.  These  data  reaffirm  the  suitability  of  A1  as  the  anodic  current  collector.  It 
appears  in  Figure  14e  and  Figures  17a  through  17c  that  the  onset  and  peak  currents  for  the 
decomposition  of  the  electrolytes  shift  to  more  anodic  potentials  as  the  amount  of  MEOX  in  the 
electrolyte  increases.  This  shift  may  be  the  result  of  the  gradual  decrease  in  the  concentration  of 
an  impurity  present  in  EC  and/or  PC  as  their  ratios  in  the  SPE  change  from  73  m/o  in  SPE  BC19 
to  0  m/o  in  SPE  MX22  or  it  may  be  a  simple  oxidation/passivation  process  involving  the  electrode 
surface  itself.  Reduction  of  water  in  EC  or  PC  may  not  be  the  cause  for  this  shift  because  all 
plasticizers  used  in  SPE  preparation  contained  a  water  content  of  about  18  ppm.  During  the 
second  cycle  the  anodic  response  of  all  three  electrolytes  becomes  insignificant  and  the  onset  of 
decomposition  currents  shift  towards  3.8V.  As  discussed  earlier,  the  oxidative  response  for  Ni 
starting  from  around  3.5V  involves  oxidation  of  the  metal  itself.  The  latter  also  accounts  for  the 
anodic  currents  of  the  order  of  50  pA/cm^,  occurring  around  3.5V,  as  shown  in  Figures  17d  and 
17f.  Yet,  increased  amount  of  MEOX  in  the  SPE  seems  to  inhibit  Ni  oxidation  to  the  extent  that 
the  electrochemical  behavior  of  Ni  can  be  made  to  approach  the  behavior  of  A1  within  this  narrow 
potential  window  as  the  SPE  composition  changes  to  MX22.  In  this  case,  the  oxidation  current  at 
5.0V  remains  around  1 1  pA/cm^.  We  observed  a  similar  trend  even  in  a  wider  potential  window 
of  2.5V-5.0V.  The  oxidation  current  on  A1  remained  below  2  pA/cm^  even  at  5.0V,  while  that  on 
Ni  remained  an  order  of  magnitude  smaller  than  currents  shown  in  Figure  15d.  This  suggest  that 
MEOX  not  only  inhibits  the  oxidation  of  Ni  but  it  also  decreases  the  overall  electrochemical 
activity  of  the  metal  surface  itself.  Significantly  higher  anodic  currents  observed  on  Pt  at  about 
4.5V  in  MEOX-containing  electrolytes  compared  to  those  in  Figure  15b  suggest  that  Pt  surface  is 
electrocatalytic  towards  oxidation  of  such  electrolytes. 

Figure  18  shows  the  voltammograms  of  MEOX-containing  electrolytes  on  carbon  and  Ni 
electrodes  between  -0.3V  to  2.5V. 

The  overall  CV  features  appear  to  be  similar  to  those  of  BC-containing  electrolytes. 
However,  as  the  ratio  of  MEOX  in  the  plasticizer  increases  from  11.5  m/o  in  MX3  to  73  m/o  in 
MX22  the  CV  response  on  both  electrodes  diminishes.  Since  all  these  SPEs  have  similar 
conductivities  at  room  temperature,  differences  in  electroactivity  may  be  due  to  modification  of 
the  electrode  surface  by  MEOX,  possibly  through  an  adsorption  process.  For  the  MX3 
electrolyte  on  carbon  (Figure  18a),  waves  for  Li  deposition/stripping  and 
intercalation/deintercalation  processes  are  clearly  visible.  On  the  other  hand,  Li  intercalation 
appears  to  be  the  predominant  process  for  the  MX22  electrolyte  (Figure  18c)  and  Li  deposition  is 
insignificant  even  at  potentials  as  low  as  -0.3V.  The  CV  of  MX23  (Figure  18b)  holds  a  middle 
ground  between  these  two  cases.  In  a  related  study,  we  observed  a  decrease  in  electrochemical 
activity  with  increasing  amount  of  MEOX  in  the  SPE  for  Li  alloy  formation  on  A1  and  Pt 
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Figure  18.  Cyclic  voltammograms  within  a  potential  span  of  2.5  and  -0.3V  on  carbon  and  Ni  in 
contact  with  the  solid  polymer  electrolytes  MX3,  MX23,  and  MX22  given  in  Table  3.  Sweep  rate 
was  0.5  mV/s. 
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3.1.9  The  Behavior  of  Li/Polymer  Electrolyte  Interface.  Charge  transfer  at 
Li/electrolyte  interface  is  expected  to  be  influenced  by  the  dynamics  of  Li  passivation  and  other 
factors  such  as  the  morphology  of  plated  Li.  The  study  of  the  nature  of  this  interface  has  a  direct 
relevance  to  the  understanding  of  the  rechargeability  and  the  rate  capability  of  Li  cells.  There 
have  been  a  number  of  studies  on  the  electrochemical  properties  of  the  Li/liquid  electrolyte 
interface*®'*^.  Tafel  characteristics  of  the  Li/organic  liquid  electrolyte  interface  has  been  shown  to 
depend  intimately  on  the  thickness  of  the  solid  electrolyte  interface  and  any  attempt  to 

use  Tafel  plots  to  evaluate  kinetic  parameters  of  such  an  interface  is  valid  only  under  rigorously 
controlled  conditions,  such  as  short  overpotential  measurement  times  to  preserve  the  thickness  of 
the  SEI  layer.  Considering  the  relatively  not  so  perfect  contact  between  the  Li/SPE  interface 
coupled  with  its  possible  correlation  with  the  morphological  changes  occurring  on  the  Li  surface 
especially  during  long  term  polarization,  use  of  T^el  plots  to  extract  any  kinetic  parameters  may 
be  highly  questionable  despite  a  recent  report  on  such  measurements.*®  Our  own  preliminary 
measurements  with  Li//SPE//Li  cell  based  on  MEOX-containing  SPEs  have  shown  that  in  a 
galvanostatic  overpotential  measurement  (e.g.,  at  0.36  mA/cm^)  the  potential  of  the  working 
electrode  never  reached  a  steady  value  regardless  the  duration  of  the  measurement.  In  a  related 
experiment,  a  sequence  of  anodic  and  cathodic  galvanostatic  steps  of  the  same  magnitude  (e.g.,  at 
0.36  mA/cm^)  and  duration  (i.e.,  300  sec.)  have  failed  to  show  a  consistency  in  the  final 
overpotential  attained  in  each  successive  cathodic  or  anodic  step.  Nevertheless,  some  relevant 
information  on  the  charge  transfer  resistance  at  the  Li/SPE  interface  in  contact  with  a  particular 
SPE  can  be  obtained  from  AC  impedance  measurements.  In  a  three  electrode  solid-state  cell  an 
approximate  value  for  the  charge  transfer  resistance  of  the  working  electrode  can  be  obtained 
from  the  diameter  of  the  semicircle  in  the  Cole-Cole  plot  of  the  AC  impedance  data  for  the 
electrode.*’  We  have  noticed  that  the  charge  transfer  resistance  extracted  in  this  fashion  for  the 
Li/SPE  interface  reaches  a  pseudo-steady-state  value  after  about  24  hours  following  a  few  initial 
galvanostatic  anodic/cathodic  cycles.  The  solid  electrolyte  interface  (SEI)  re-formed  following 
this  perturbation  may  be  characteristic  of  the  composition  of  the  SPE  in  contact  with  the  Li 
electrode.  We  investigated  the  evolution  of  the  charge  transfer  resistance  at  the  Li/SPE  interface 
as  a  function  of  the  SPE's  MEOX  content.  All  Li//SPE//Li  cells  underwent  three  anodic/cathodic 
cycles  with  a  passage  of  O.lC/cm’  charge  in  each  step.  Following  this  SEI  "shuffling",  the  cell 
was  allowed  to  rest  for  24  hours,  under  open-circuit,  before  measuring  the  impedance.  In  the 
PAN/EC-PC-MEOX/LiAsFe  electrolytes  used  for  this  study,  MEOX  content  in  the  plasticizer 
varied  form  0.0  to  100  mole  %  all  having  a  common  ratio  of  EC/(EC+PC)  =  70.  The 
observations  are  shown  in  Figure  19.  As  the  ratio  of  MEOX  in  the  plasticizer  increases,  the 
charge  transfer  resistance  seems  to  increase  and  reaches  the  highest  value  when  the  SPE  contains 
only  MEOX.  These  observations  are  consistent  with  MEOX  retarding  the  electrochemical 
activity  of  the  electrolytes  seen  in  Figures  17  and  18  on  electrodes  other  than  Li.  It  is  useful  to 
note  that  in  a  recent  study  similarities  have  been  established  in  the  structure  and  properties  of 
surface  films  formed  on  Li  and  noble  metals  in  propylene  carbonate  electrolytes  at  low 
potentials.** 
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Figure  19.  Effect  of  the  content  of  MEOX  on  the  charge-transfer  resistance  of 
Li/solid  electrolyte  interface. 

3.2  Li//SPE//Li,Mn204  Cells 

3.2.1  Discharge  Capacity  and  Cycling  Behavior.  Low  voltage  lithiated  manganese 
oxides  were  characterized  in  solid  polymer  electrolyte  (SPE)  cells  of  the  type  Li//SPE//LLMn204. 
Capacity  utilization  and  cycle  life  of  these  cells  were  of  primary  interest.  The  cells  of  two  or  three 
electrode  configuration  were  typically  cycled  between  3.75V  to  2.0V.  Composition  of  some  of 
the  key  solid  polymer  electrolytes  used  are  given  in  Table  7. 


Table  7.  SPE  Compositions  used  in  Solid  Polymer  Electrolyte  Cells. 


Electrolyte 

Noml^f 

PANtEC:PC:BC:LiAsF4  (m/o? 

PAN;EC:PC:BCryAsE«  <w/o) 

BC5X 

21.0:43.2:26.2:3.7;6.0“ 

12.1:41.4:29.1:4.6:12.8 

BC15 

21.0:37.8:22.9:12.3:6.0*’ 

11.9:35.4:24.9:15.3:12 

BC18 

21.0:71.0:0.0:0.0:8.0'’ 

12.5:70.0:0.0:0.0:17.5 

#3 

23.0:38.5:33.2:0.0:5.4 

13.5:37.5:37.5:0.0:11.6 

Number 

PANiBC:PC;lvlEOX:UiA5F6  (m/n) 

PAN:EePC:1ViBOX:LiA^s  (w/n) 

MX3 

21.0:33.8:27.7:11.5:6.0 

12.1:32.1:30.6:12.6:12.7 

MX23K' 

19.0:11.1:9.0:54.8:6.2 

12.5:10.2:9.5:57.4:12.5 

SA92 

21.0:36.5:0.0:36.5:6.0 

12.1:35.0:0.0:40.1:12.8. 

Number 

PAN:EC:RL:LiAsd^6  (m/o) 

FAN:BC:BL:tiAsF^  (w/o) 

ECBLl 

21.0:36.5:36.5:6.0 

12.9:37.2:36.3:13.6 

KBL6 

21.0:29.2:43.8:6.0 

12.9:29.8:43.7:13.6 

PAN:BC:BL:liPE6  (m/o> 

PAN:BCBL:LiPFe  (w/o> 

ECBL2 

21.0:36.5:36.5:6.0 

10.9:38.3:37.5:13.3 

ECPl 

13.0:72.9:0.0:14.1 

Nmniber 

PANiEC:DPC:LiPF6  <m/o) 

PAN;EC;DPC:Lit#6  (w/o) 

DPC2 

20.0:68.0:7.0:5.0 

12.0:67.8:11.6:8.6 

DPCX 

0.0:57.0:38.0:5.0 

0.0:44.3:49.0:6.7 

“Tbe  plasticizer  composition  corresponds  to  5  Xbc- 

'The  plasticizer  composition  corresponds  to  17Xbc(BC15  in  Table  6). 

This  SPE  is  related  to  MX23  (Table  3)  except  that  it  has  lower  PAN  content. 


27 


Figures  20  and  21  depict  the  capacity  and  cycling  performance  of  Lio.9Mn204,2  in  test  cells 
employing  the  Electrolytes  BC15  and  BC5X,  respectively,  from  Table  7. 


Figure  20.  Cycling  curves  at  room  temperature  for  Li//SPE//Lio,9Mn204.2  Cell 
LMN12.  Theoretical  capacity  was  21.7  mAh.  Solid  polymer  electrolyte  was  BC15 
(Table  7).  The  cathode  was  51.0  w/o  Lio.9Mn204.2:8.0  w/o  Chevron  Carbon:  14.5 
w/o  EC.T0.2  w/o  PC:6.3  w/o  BC:4.9  w/o  PAN:5.1  w/o  LiAsFe.  Cathode  geometric 
area  was  10  cm^.  Charge/discharge  current  density  was  0.1  mA/cm^. 


Figure  21.  Cycling  curves  at  room  temperature  for  Li//SPE//Lio,9Mn204,2  Cell 
LMN21.  Theoretical  capacity  was  21.8  mAh.  Solid  polymer  electrolyte  was  BC5X 
(Table  7).  The  cathode  was  50.3  w/o  Lio9Mn204.2:7.9  w/o  Chevron  Carbon:  17.3 
w/o  EC:12.2  w/o  PC:1.9  w/o  BC:5.1  w/o  PAN:5.4  w/o  LiAsFe.  Cathode  geometric 
area  was  10  cml  Charge/discharge  current  density  was  0. 1  mA/cm^. 
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In  both  cases  the  reversible  capacity  declined  slowly  at  first  and  then  reached  a  constant 
value  corresponding  to  an  intercalation  of  0.6  moles  Li  per  Lio.9Mn204,2-  As  indicated  in  Figure 
20,  the  irreversible  capacity  observed  between  the  first  discharge  and  the  first  charge  amounts  to 
nearly  0.15  Li  per  Lio.9Mn204.2  •  The  Li  utilization  in  the  first  two  cycles  is  as  summarized  below. 


The  end  of  the  useful  cycle  life  was  indicated  by  greater  disparity  between  the  capacity 
observed  in  a  charge  and  the  following  discharge.  This  capacity  difference  is  due  to  the  growth  of 
Li  dendrites  through  the  SPE  forming  an  electrical  shunt  (called  soft  short)  between  the  active 
electrodes.  A  number  of  charge/discharge  runs  identical  to  those  shown  in  Figures  20  and  21 
were  undertaken.  Even  though  they  all  showed  efficient  rechargeability,  the  cycle  life  in  all  cases 
did  not  exceed  dozen  or  so  cycles.  However,  one  noticeable  feature  was  that  the  cells  based  on 
the  SPE  BC15  consistently  ran  fewer  cycles  compared  to  its  counterpart  with  lower  BC  content 
(BC5X).  A  test  cell  that  failed  was  opened  and  examined  under  the  microscope,  and  the  cathode 
was  found  to  have  delaminated  from  its  aluminum  backing.  Li  growth  through  the  SPE  was 
clearly  visible  and  it  had  the  appearance  of  a  "leopard  skin"  with  a  distinctive  black  pattern  limited 
to  the  region  where  the  two  active  electrodes  contacted  the  SPE.  The  perimeter  of  SPE  away 
from  that  region  did  not  show  any  evidence  of  lithium  growth  through  the  electrolyte  film. 

Shown  in  Figure  22  is  the  cycling  performance  of  a  Li//SPE//Lio.9Mn204.2ceU  based  on 
SPE  #3  (Table  7)  which  does  not  contain  BC  plasticizer.  A  cycle  life  longer  than  either  of  the 
cells  shown  in  Figures  20  and  21  was  consistently  observed.  Although  electrochemical  activity  of 
SPE  based  on  EC-PC-BC  ternary  mixtures  was  not  different  from  those  without  BC,  SPE 
containing  BC  seem  to  have  the  disadvantage  of  promoting  the  growth  of  lithium  through  the 
SPE  layer,  thereby  shortening  the  cycle  life  of  the  cell. 

Cycling  behavior  shown  above  indicates  a  capacity  gap  of  nearly  0.2  Li/Lio.9Mn204.2 
between  the  first  discharge  and  the  first  charge.  This  difference  is  consistent  with  the  conversion 
of  Li0.9Mn2O4.2to  Lii.iMn204  during  the  first  discharge  followed  by  the  extraction  of  0.8  Li  during 
the  first  charge.  However,  since  Li  is  present  in  large  excess  in  these  ceUs,  capacity  during  the 
second  discharge  and  subsequent  charge/discharge  steps  should  be  equivalent  to  one  Li/Mn2 
corresponding  to  the  reversible  conversion  of  IjMn204  to  Li2Mn204.  In  contrast,  the  discharge 
capacity  in  the  second  cycle  remains  close  to  80%  of  that  of  the  first  discharge.  The  different 
discharge  profiles  between  the  first  and  the  second  discharge,  however,  suggest  a  possible  change 
of  the  crystal  structure  of  the  cathode  material  during  the  fist  discharge. 
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Figure  22.  Cycling  curves  at  ambient  temperature  for  Li//SPE//Lio,9Mn204,2  Cell 
LMN23.  Theoretical  capacity  was  24.7  mAh.  Solid  polymer  electrolyte  was  #3 
(Table  7).  The  cathode  was  51.0  w/o  Lio.9Mn204.2:8.0  w/o  Chevron  Carbon:  15.4 
w/o  EC:  15.4  w/o  PC:5.5  w/o  PAN:4.8  w/o  LiAsF6.  Cathode  geometric  area  was 
10  cm^.  Charge/discharge  current  density  was  0. 1  mA/cm^ 


Two  types  of  low  voltage  lithiated  manganese  oxides,  Lio.9Mn204.2  and  Iii.oMn204.7  were 
characterized  in  PAN-based  solid  polymer  electrolytes  containing  MEOX  containing  ternary 
plasticizers.  Figures  23  through  26  compare  the  voltage  versus  capacity  profiles  and  the  long¬ 
term  cycle  life  of  the  two  cathode  materials  in  Li//SPE//Li^Mn204  cells  containing  the  MX3 
electrolyte  from  Table  7. 

According  to  Figure  23,  the  first  and  the  second  cycle  discharge  capacities  correspond  to 
the  utilizations  of  0.87  and  0.63  mol  Li  per  Lio.9Mn204.2.  In  contrast,  the  corresponding 
utilizations  for  Lii,oMn204.7  were  0.96  and  0.75  Li/Mn2  in  the  same  electrolyte  (Figure  25).  The 
gap  between  the  first  and  the  second  discharge  capacities,  however,  remains  at  about  0.20  Li/Mn2 
for  both  materials.  The  discharge  capacity  of  Lii.oMn204.7  remains  above  that  of  Lio.9Mn204,2 
until  cycle  100,  at  which  point  the  utilization  of  both  materials  approaches  0.5  Li  per  Mn2.  From 
cycle  50  to  cycle  100,  the  fade  rate  of  Lii,oMn204,7  was  about  0.13%  per  cycle.  The  fade  rate  of 
Lio.9Mn204,2  however,  was  a  significantly  low  0.01%  per  cycle  within  the  same  span  of 
charge/discharge  cycles.  Beyond  cycle  100,  utilization  of  Lio.9Mn204.2  was  slightly  better  than 
that  of  Lii.oMn204.7.  The  voltage  versus  capacity  profiles  shown  in  Figures  23  and  25  indicate 
little  change  from  the  second  cycle  onwards.  Because  of  its  overall  excellent  charge/discharge 
reversibility  (Figure  26),  longer  cycle  life  and  appreciably  higher  Li  utilization  during  the  most  of 
its  cycle  life,  Lii.oMn204.7  appears  to  be  the  superior  of  the  two  cathode  materials. 
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Capacity,  (Li/Lio.9Mn204 s) 

Figure  23.  Cycling  curves  at  room  temperature  for  Li//SPE//Lio.9Mn204.2  Cell 
BMX4.  Theoretical  capacity  was  17.6  mAh.  Solid  polymer  electrolyte  was  MX3 
(Table  7).  The  cathode  was  50.0  w/o  Lio,9Mn204.2:8.0  w/o  Chevron  Carbon:  15.3 
w/o  EC:  14.6  w/o  PC:6.0  w/o  MEOX:3.1  w/o  PAN;3.1  w/o  LiAsFe.  Cathode 
geometric  area  was  10  cm^.  Charge/discharge  current  density  was  0. 1  mA/cml 


Cycle  No. 


Figure  24.  Capacities  as  a  function  of  cycle  number  for  the  cell  shown  in  Figure  23. 
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Figure  25.  Cycling  curves  at  room  temperature  for  Li//SPE//Lii.oMn204,7  Cell  No. 
BMX34.  Theoretical  capacity  was  12.1  mAh.  Solid  polymer  electrolyte  was  MX3 
(Table  7).  The  cathode  was  51.0  w/o  Lii,oMn204.7:8.0  w/o  Chevron  Carbon:14.9 
w/o  EC;  14.2  w/o  PC:5.9  w/o  MEOX:3.0  w/o  PAN:3.0  w/o  LiAsFe.  Cathode 
geometric  area  was  10  cm^.  Charge/discharge  current  density  was  0. 1  mA/cm^. 


Figure  26.  Capacities  as  a  function  of  cycle  number  for  the  cell  shown  in  Figure  25. 
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Data  in  Table  3  indicate  that  SPE  compositions  suitable  for  low  temperature  applications 
can  be  found  in  high  MEOX  (MX23)  regions  of  the  ternary  composition  diagram.  Capacity  and 
long-term  performance  depicted  in  Figure  27  are  for  a  Li/Lio.9Mn204.2  cell  utilizing  the  polymer 
Electrolyte  MX23K  (Table  7)  which  is  related  to  the  SPE  MX23  in  Table  3. 

The  first  cycle  discharge  capacity  shown  in  Figure  27  is  close  to  68%  of  the  theoretical 
capacity.  Despite  this  slightly  inferior  cathode  utilization  in  the  first  cycle  of  the  cell  BMX9,  the 
overall  capacity  and  long-term  cycling  performance  of  this  cell  is  similar  to  the  one  shown  in 
Figure  24  for  the  same  cathode  material  (i.e.,  Lio.9Mn204.2)  in  a  cell  utilizing  the  SPE  MX3. 
Figure  29  depicts  the  capacity  as  a  function  of  cycle  number  of  Lii,oMn204,7  in  a  cell  utilizing  SPE 
MX3  at  C/6  and  C/3  rates. 


Figure  27.  Cycling  curves  at  room  temperature  for  Li//SPE//Lio.9Mn204.2  Cell 
BMX9.  Theoretical  capacity  was  12.2  mAh.  Solid  polymer  electrolyte  was 
MX23K  (Table  7).  The  cathode  was  51.0  w/o  Uo.9Mn204.2:8.0  w/o  Chevron 
Carbon;4.6  w/o  EC:4.3  w/o  PC:26. 1  w/o  MEOX:3.0  w/o  PAN:3.0  w/o  LiAsFg. 
Cathode  geometric  area  was  10  cml  Charge/discharge  current  density  was  0.1 
mA/cm^. 

Both  cells  were  charged  at  C/6  rate.  Following  a  steep  decline  in  capacity  during  initial 
cycles,  utilization  during  discharge  has  leveled  off  at  0.5  and  0.4  Li  per  Lii.oMn204.7  for  C/6  and 
C/3  rates,  respectively,  indicating  this  material's  abUity  to  sustain  long-term  cycling  at  higher 
discharge  rates. 
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Figure  28.  Capacities  as  a  function  of  cycle  number  for  the  cell  shown  in  Figure  27. 


Figure  29.  Capacities  at  room  temperature  as  a  function  of  cycle  number  for 
Li//SPE//Lii,oMn204.7  Cell  BMX51  at  C/6  rate  (open  circles)  and  Cell  BMX52 
(dark  circles)  at  C/3  rates.  The  solid  polymer  electrolyte  is  MX3  (Table  7). 
Cathode  capacities  were  12.33  mAh  (BMX51)  and  12.9  mAh  (BMX52). 
Charge/discharge  current  densities  were  0.2/0.2  mA/cm^  (BMX51)  and  0.2/0.4 
mA/cm  (BMX52).  The  cathode  was  51.0  w/o  Li i.oMn204. 7:8.0  w/o  Chevron 
Carbon:  14.9  w/o  EC:  14.2  w/o  PC:5.9  w/o  MEOX:3.0  w/o  PAN:3.0  w/o  LiAsFe. 
Cathode  geometric  area  was  10  cm^. 
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Figure  30  depicts  the  voltage  versus  capacity  curves  for  Lio.9Mn204,2  at  various  discharge 
rates  at  room  temperature.  At  the  rate  of  0.2  mA/cm^  (C/5  rate),  a  capacity  of  0.55  mol  Li  per 
Lio.9Mn204.2  was  obtained.  Figure  31  displays  cycling  curves  at  -10°C  for  Lii.oMn204.7  at  various 
cycling  rates. 
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Figure  30.  The  voltage  versus  capacity  profiles  at  room  temperature  for  Li//SPE//Lio.9Mn204.2 
Cell  BMX8  at  different  discharge  rates.  Charging  was  done  at  0. 1  mA/cm^.  Theoretical  capacity 
was  11.1  mAh.  Solid  polymer  electrolyte  was  MX3  (Table  7).  The  cathode  was  51.0  w/o 
Lio.9Mn204.2:8.0  w/o  Chevron  Carbon:  14.9  w/o  EC:  14.2  w/o  PC:5.9  w/o  MEOX:3.0  w/o 
PAN:3.0  w/o  LiAsFe.  Cathode  geometric  area  was  10  cm^. 
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Figure  31.  The  voltage  versus  capacity  profiles  at  -10°C  for  Li//SPE//Lii,oMn204.7  Cell  BMX55 
at  different  discharge  rates.  Charging  was  done  at  0.1  mA/cm^  (-C/10).  Theoretical  capacity  was 
9.8  mAh.  Solid  polymer  electrolyte  was  MX3  (Table  7).  The  cathode  was  51.0  w/o  Lii.oMn204  7 
8.0  w/o  Chevron  Carbon:  14.9  w/o  EC:  14.2  w/o  PC:5.9  w/o  MEOX:3.0  w/o  PAN:3.0  w/o 
LiAsFe.  Cathode  geometric  area  was  10  cm^. 
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Before  cycling  at  -10°  C  the  cell  was  cycled  three  times  at  the  room  temperature  at  which 
a  reversible  capacity  of  0.62  mol  Li  per  Lii.oMn204.7  was  observed  at  the  end  of  the  third  cycle.  In 
this  case  charge/discharge  was  done  at  0.2  mA/cm^  (~C/5  rate).  Discharge  capacities  observed  at 
-10°C  are  on  the  order  of  50%  of  that  observed  at  room  temperature  at  comparable  current 
densities.  For  example,  the  utilization  at  0.2  mA/cm^  was  close  to  0.3  mol  Li  per  Lii,oMn204  7. 
At  -20®C  the  Li  utilization  dropped  to  roughly  50%  of  those  observed  at  -10°C.  In  this  case, 
the  discharge  capacity  at  the  same  current  density  was  approximately  0.15  mol  Li  per 
Lii.oMn204,7.  Figure  32  compares  the  cycling  performance  at  -10°C  and  -20 °C  of 
Li//SPE//Lii.oMn204,7  Cell  No.  BMX55  utilizing  SPE  MX3  at  a  charge/discharge  rate  of  0.12 
mA/cm^.  The  first  three  cycles  were  performed  at  room  temperature. 
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Figure  32.  Discharge/charge  capacities  at  different  ambient  temperatures  (noted 
on  the  figure)  as  a  function  of  cycle  number  for  Li//SPE//Lii,oMn204.7  Cell  BMX54 
at  0.12  mA/cm^.  Theoretical  capacity  was  10.7  mAh.  Solid  polymer  electrolyte 
was  MX3  (Table  7).  The  cathode  was  51.0  w/o  Lii,oMn204.7:14.2  w/o  PC:5.9  w/o 
MEOX;3.0  w/o  PAN:3.0  w/o  LiAsFe.  Cathode  geometric  area  was  10  cm^. 

Diminished  Li  utilization  at  sub  ambient  temperatures  is  evidenced  by  the  data  in  Figure 
31.  Prior  to  changing  the  temperature  almost  100%  reversibility  between  the  charge/discharge 
capacity  was  observed.  A  noticeable  feature  however,  is  the  nearly  20%  difference  between  the 
discharge/charge  capacities  of  the  first  cycle  at  each  temperature  despite  a  nearly  three  hours  stay 
at  each  temperature  prior  to  start  cycling.  Origin  of  this  recurrent  irreversible  capacity  remains 
unclear.  Renewed  growth  of  the  passivation  layer  (and  associated  over  potential)  may  not  be  the 
probable  reason  because,  the  Li  utilization  is  restored  back  to  original  levels  when  the  temperature 
is  returned  to  room  temperature  (Figure  32).  Satisfactory  low  ambient  temperature  conductivity 
without  freezing  was  demonstrated  for  the  solid  polymer  Electrolyte  MX3  during  electrolyte 
development.  Therefore,  extensive  polarization  of  the  Li//SPE//Lii.oMn204,7  cell  at  low  ambient 
temperatures  shown  in  Figure  32  may  not  be  due  to  a  severe  drop  in  electrolyte  conductivity  due 
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to  freezing.  Other  possible  reasons  are  the  concentration  polarization  of  a  practical  cell  under 
load  due  to  diminished  mass  transport  and  sluggish  heterogeneous  charge  transfer  at  the 
soUd/polymer  electrolyte  interface.  Since  convection  is  virtually  absent,  a  polymer  electrolyte  can 
sustain  stable  long  range  concentration  gradients  that  may  extend  over  the  entire  width  of  the 
electrolyte  phase.  This  situation  may  be  critical,  specially  at  low  temperature,  for  the  electrolyte 
confined  into  narrow  channels  inside  a  composites  electrode.  For  such  an  electrolyte 
concentration  polarization  becomes  a  very  complex  issue  and  it  was  not  addressed  in  this  study. 
However,  we  investigated  the  effect  of  temperature  on  the  charge  transfer  resistance  at  the 
interface  between  polymer  electrolyte  and  Lii.oMn204.7  electrode  by  AC  impedance  measurement 

3.2.2  Impedance  Behavior  of  Li/^PE//Low  Voltage  Li*Mn204  Cells.  In  the 
presence  of  a  reference  electrode  and  a  large  counter  electrode,  the  impedance  measurement  can 
be  employed  to  study  the  working  electrode/electrolyte  interfacial  behavior  alone.  Impedance 
data  is  usually  interpreted  in  terms  of  an  equivalent  circuit  representing  the  interfacial  processes 
occurring  at  various  time  domains.  Impedance  measurement  of  a  composite  electrode  is  seriously 
prone  to  problems  arising  from  surface  roughness,  imperfect  contacts  at  the  electrolyte/electrode 
interface,  and  variable  local  charge  carrier  concentration.  As  a  result,  only  a  qualitative 
comparison  of  impedance  response  of  different  electrodes  is  feasible.  Evolution  of  the  impedance 
behavior  of  a  single  electrode/electrolyte  interface  may  still  be  used,  however,  as  a  valuable  tool 
to  draw  important  conclusions  on  the  stability  of  the  interface,  the  passivation  phenomenon,  and 
the  corrosion  of  electrode  contacts. 

Depicted  in  Figure  33  is  the  impedance  response  of  the  Lii.oMn204.7  working  electrode  of 
a  Li//SPE//LixMn204  cell  versus  Li  reference  electrode.  It  typically  exhibits  only  one  distinct 
feature;  a  single  semicircle  displaced  along  the  Z'  axis.  The  impedance  response  is  similar  to  that 
originated  from  a  parallel  combination  of  a  capacitor,  Cai  and  a  resister.  Ret,  both  in  series  with 
another  resistor  Rb.  Rb  identified  with  the  combined  resistance  of  the  solution  and  electrode  leads. 
Cdi  is  the  double  layer  capacitor  of  the  solution/electrode  interface  and  Ret  is  the  charge  transfer 
impedance.  The  spur  extending  from  the  low  frequency  end  (on  the  right)  of  the  semicircle  may 
be  associated  with  diffusion  of  L^. 

Figure  34  depicts  how  ln(l/Ret)  for  the  cathode/electrolyte  interface  vary  against  the 
inverse  of  ambient  temperature  (K°)  for  Li//SPE//Lii.oMn204.7  Cell  No.  BMX53  in  three 
electrode  configuration.  Figure  34  also  includes  a  comparison  of  the  bulk  resistance  Rb  observed 
for  Cell  No.  BMX53  and  the  approximate  ohmic  resistance  of  the  SPE  laminate  inside  the  cell 
estimated  from  the  conductivity  data  for  SPE  MX3  (Table  3).  Parallel  variation  observed  for  Rb 
and  the  estimated  SPE  resistance  indicates  that  at  low  temperatures  variation  of  Rb  of  the  ceU 
mainly  originates  from  the  solid  electrolyte  film  and  there  is  no  evidence  for  any  phase  change 
involving  the  electrolyte  contained  in  an  actual  Li//SPE//Lii,oMn204.7  cell.  Figure  34  also  reveals 
a  linear  Arrhenius  type  relationship  between  ln(l/Rct)  and  1/T(K°).  Actual  data  for  CeU  No. 
BMX53  are  given  in  Table  8. 
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Figure  33.  Impedance  response  of  a  typical  Li//SPE//Li,Mn204  cell  in  three 
electrode  configuration.  Shown  in  the  inset  is  the  network  corresponding  to  this 
impedance  response.  Rb  is  the  bulk  resistance.  Cji  is  the  double  layer  capacitance. 
Ret  is  the  charge  transfer  resistance. 


1/T(K°)  X  1000 


Figure  34.  The  Arrhenius  plots  for  the  inverse  of  the  interface  resistance  Ret bulk 
resistance  Rb  and  the  estimated  resistance  of  the  SPE  laminate  included  in  Cell 
BMX53  in  three  electrode  configuration 


Table  8.  Variation  of  Rb  and  Rsc  with  Temperature  for 
Li//SPE//Lii.oMn204.7  Cell  No.  BMX53. 


Temperature 

°C 

Rb(Q) 

Rct(Q) 

+50 

0.56 

3.53 

+40 

0.56 

6.17 

+30 

0.65 

11.38 

+20 

0.83 

22.70 

+10 

0.89 

49.04 

-10 

1.66 

291.48 

-20 

2.72 

795.58 

-30 

5.38 

2301.9 

The  data  in  Table  8  suggest  that  the  low  Li  utilization  observed  earlier  (Figures  31  and  32) 
for  Li//SPE//Lii.oMn204,7  cells  may  be  due  to  the  exponential  increase  in  charge  transfer  resistance 
at  the  Lii.oMn204.7  electrode/polymer  electrolyte  interface  with  the  decreasing  temperature.  It 
should  lead  to  high  over-potentials  at  low  temperatures  even  at  moderate  current  densities  and  as 
a  result,  voltage  cutoff  limits  are  reached  prematurely  prior  to  the  utilization  of  the  full  electrode 
capacity.  This  effect  is  further  enhanced  in  a  two  electrode  cell  due  to  any  charge  transfer 
difficulty  arising  at  the  Li  counter  electrode. 

Interfacial  resistance  of  a  cell  under  open-circuit  can  be  used  as  a  probe  to  assess  the 
stability  of  a  polymer  electrolyte/electrode  interface.  Any  chemical  reaction  between  the  electrode 
and  the  electrolyte  that  could  alter  the  general  makeup  of  the  interface  (e.g.,  deposition  of  a 
secondary  film)  may  result  in  substantially  changed  interfacial  resistance  or  the  appearance  of  a 
another  semi-circle  in  the  impedance  diagram.  A  Li//SPE//Lii.oMn204.7  Cell  No.  BMX29 
containing  MX3  electrolyte  (Table  3)  was  stored  at  25  °C  and  the  impedance  spectra  of  the 
cathode  were  monitored  over  an  extended  period  of  time.  Impedance  spectra  depicted  in  Figure 
35  were  taken  at  the  beginning  and  following  12  and  106  days  of  aging,  respectively.  All 
impedance  spectra  appeared  similar  to  that  in  Figure  33  with  a  single  semicircle  and  a  spur  at  the 
low  frequency  end. 

The  fact  that  the  appearance  of  the  spectrum  remained  unchanged  indicates  the  stability  of 
the  electrolyte/electrode  interface.  Nearly  constant  Rb  value  is  consistent  with  the  lack  of  any 
corrosion  in  the  electrical  contacts.  Variation  of  Ret  is  presented  as  a  function  of  time  elapsed  in 
Figure  36.  Gradual  increase  in  the  Ret  value  may  be  the  result  of  a  continual  growth  of  the 
primary  passivation  layer.  Following  an  initial  decrease  the  open-circuit  voltage,  Voc  has  promptly 
reached  a  steady  state  value.  Some  of  these  data  are  tabulated  in  Table  9. 
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Figure  35.  Impedance  spectra  of  the  Lii,oMn204.7  cathode  in  the 
Li//SPE//Lii.oMn204,7  Cell  BMX29  relative  to  the  Li  reference  taken  at  the 
beginning,  12  days  and  106  days  of  storage  at  25°C 


Figure  36.  Charge  transfer  impedance,  Ret  for  the  cathode/electrolyte  interface 
versus  aging  time  for  Li//SPE//Lii.oMn204,7  CeU  BMX29  in  three  electrode 
configuration. 
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Table  9.  Impedance  Data  for  the  Cathode/Electrolyte  Interface  of  an 
Aging  Li//SPE//Li,.oMn204.7  CeU  BMX29. 


Days  of  Storage 

Rb  (Q) 

Ret  (Q)* 

Voe  (Volt) 

0 

0.8 

14.2 

3.255 

5 

0.6 

14.8 

3.255 

12 

0.6 

21.0 

3.245 

25 

0.6 

35.0 

3.195 

106 

0.6 

30.0 

3.195 

137 

0.6 

36.9 

3.195 

♦Visually  estimated  values. 


Impedance  spectra  of  a  Li//SPE//Lii,oMn204.7  solid  state  cell  No.  BMX35  employing  MX3 
electrolyte  were  taken  intermittently  during  long-term  cycling  at  the  end  a  full  charge.  Cycling 
was  done  at  room  temperature  within  a  potential  window  from  3.75V  to  2.0V.  Variation  of  Ret 
for  the  cathode/electrolyte  interface  is  depicted  as  a  function  of  the  cycle  number  in  Figure  37. 


Figure  37.  Charge  transfer  impedance.  Ret  for  the  cathode/electrolyte  interface 
versus  the  number  of  charges  completed  for  Li//SPE//Lii,oMn204.7  Cell  No. 
BMX35  utilizing  the  SPE  MX3  in  three  electrode  configuration.  Cathode  area 
was  10  cm^,  and  the  charge/discharge  current  density  was  0.1  mA/cm^. 
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Ret  decreased  slightly  at  first,  than  increased  and  eventually  leveled  off  upon  further 
increase  in  number  of  charges.  Appearance  of  the  spectrum  was  similar  to  that  in  Figure  33  which 
remained  unchanged  during  the  entire  investigation.  The  variation  of  Ret  in  Figure  37  may  be  the 
net  result  of  an  initial  activation  followed  by  a  gradual  build  up  of  the  primary  passivation  layer. 
The  examination  of  an  opened  cell  revealed  a  completely  delaminated  cathode  composite  and  no 
visible  corrosion  of  the  electrical  contacts.  The  cell  components  are  held  together  tightly  by  the 
external  atmospheric  pressure  and  delamination  does  not  seem  to  have  a  significant  effect  on  Rb 
which  remains  relatively  unchanged.  During  the  later  part  of  cycling,  however,  delamination 
appears  to  increase  Rb  slightly  with  cycling.  Charge  transfer  resistance  for  the  anode/electrolyte 
interface  remained  low  at  all  times  during  cycling.  Ret  and  Rb  values  for  few  selected  cycles  are 
tabulated  in  Table  10. 


Table  10.  Impedance  Data  for  the  Cathode/Electrolyte  Interface 
of  a  Li//SPE//Lii.oMn204.7  Cell  BMX35  following 
Charge. 


No.  of  Charges 

Rb(Q) 

Ret  (Q)* 

1 

0.6 

17.4 

6 

0.7 

15.3 

21 

0.7 

23.8 

51 

0.7 

18.6 

69 

0.9 

16.1 

87 

1.3 

20.3 

*Visually  estimated  values. 


3.3  Cells  Utilizing  Spinel  Li,Mn204  (4V) 

Because  of  safety  concerns  associated  with  the  use  of  metalhc  Uthium  in  lithium  cells, 
development  of  rocking-chair  lithium-ion  batteries  is  gaining  momentum.  In  this  case  a  lithium 
ion  host  such  as  carbon  is  used  as  the  anode,  and  a  high  voltage  cathode  material  is  essential  to 
offset  the  otherwise  lower  cell  potential  that  results  from  the  replacement  of  lithium  metal  anodes. 
The  high  voltage  cathode  material  Li^Mn204  was  synthesized  for  this  purpose. 

3.3.1  Capacity  and  Cycling  Behavior  of  Li  Cells.  Figure  38  depicts  the  selected 
cycling  and  long-term  performance  of  the  Li//SPE//Lii.iMn204  CeU  No.  HVMX9  containing  the 
Electrolyte  MX3  (Table  7)  and  a  composite  cathode  made  with  high  voltage  Lii,iMn204 
composite  cathode  cycled  over  the  3.0V-4.25V  potential  range  at  a  current  density  of  0.1 
mA/cm^.  A  utilization  of  only  78%  of  the  theoretical  capacity  was  observed  during  the  first 
charge.  The  capacity  continued  to  fade  at  an  accelerated  rate  with  cycling  and  at  cycle  40  an 
internal  short  appeared  as  indicated  by  a  jump  in  the  charge  capacity.  The  cell  shorted  within  the 
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Figure  38.  The  voltage  versus  capacity  profiles  at  room  temperature  for 
Li//SPE//Lii.iMn204  Cell  HVMX9.  Theoretical  capacity  was  15.5  mAh.  Solid 
polymer  electrolyte  was  MX3  (Table  7).  The  cathode  was  51.0  w/o  Lii,iMn204 
8.0  w/o  Chevron  Carbon:  14.9  w/o  EC:  14.2  w/o  PC:5.9  w/o  MEOX:3.0  w/o 
PAN:3.0  w/o  LiAsFe.  Cathode  geometric  area  was  10  cm^,  and  the 
charge/discharge  current  density  was  0. 1  mA/cm^. 

next  two  cycles.  A  cell  to  cell  variation  in  the  charge/discharge  capacity  was  observed  and  the 
cycle  life  was  consistently  limited  to  15-40  cycles.  Such  variation  may  be  related  to  differences  in 
dendrite  growth  through  the  SPE.  Examination  of  a  failed  cell  revealed  a  lithium  growth  through 
the  SPE  layer  that  may  have  created  a  soft  short. 

High  voltage  lithiated  manganese  oxide  Li*Mn204  was  also  characterized  in  solid  polymer 
electrolyte  cells  utilizing  PAN-  based  electrolytes  based  on  EC-y  BL  binary  plasticizers.  Capacity 
and  long-term  cycling  performance  of  a  typical  high  voltage  (4V)  Lii.iMn204  cathode  in  a 
Li/SPE/Lii.iMn204  solid  state  cell  (Cell  HVBL2)  employing  ECBL6  (Table  7)  electrolyte  are 
presented  in  Figures  39  and  40.  This  electrolyte  was  chosen  because  it  was  the  most  conductive 
of  the  PAN/EC-y  BL/LiAsFe  electrolytes  at  ambient  temperature.  The  cycling  was  done  at  room 
temperature  within  the  potential  range  from  4.2V  to  3.0V.  Theoretical  capacity  of  the  cathode 
was  13.8  mAh  based  on  a  cathode  utilization  of  one  Li  per  LixMn204. 
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Figure  39.  Cycling  curves  at  room  temperature  for  Li//SPE//Li,,iMn204  CeU 
HVBL2.  Theoretical  capacity  was  13.8  mAh  (1.0  mol  Li/Lii.iMn204).  Solid 
polymer  electrolyte  was  ECBL6  (Table  7).  The  cathode  was  53.2  w/o 
Lii.iMn2O4:8.0  w/o  Chevron  Carbon;  13.3  w/o  EC:  19.6  w/o  X-BL:3.0  w/o 
PAN:3.0  w/o  LiAsFe.  Geometric  area  of  the  cathode  was  10  cm^,  and  the 
charge/discharge  current  density  was  0.1  mA/cm^  (~C/14  rate). 


Figure  40.  Discharge/charge  capacities  as  a  function  of  cycle  number  for  the  cell 
shown  in  Figure  39. 
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As  shown  in  Figure  39,  the  initial  reversible  capacity  was  close  to  0.8  mol  of  Li  per 
Lii.iMn204.  Even  though  the  cell  demonstrated  long  term  rechargeability,  the  data  shown  in 
Figure  40  on  the  capacity  vs.  cycle  number  agree  with  a  fade  rate  of  0.17%  per  cycle  within  the 
range  from  cycle  20  to  cycle  120. 

A  higher  capacity  consistently  observed  during  charge  may  be  due  to  electrolytic  oxidation 
at  high  cathode  potentials.  If  the  observed  discharge  to  charge  capacity  ratio  of  97%  solely  came 
from  a  real  capacity  loss  it  should  result  in  almost  zero  rechargeable  capacity  at  cycle  140.  For 
the  cell  depicted  in  Figure  39  the  discharge  was  restricted  to  3V  so  that  only  the  high  voltage 
capacity  is  utilized.  The  material  can  be  reduced  (lithiated)  further  to  reach  a  lower  voltage 
plateau  at  ~2.7-2.8V, 

Figures  41  and  42  allow  us  to  see  the  capacity  and  long-term  cycling  performance  of  a 
typical  high  voltage  (4V)  LixMn04  in  a  Li//SPE//LixMn204  solid  state  cell  employing  ECBL6 
(Table  7)  electrolyte.  The  cell  was  cycled  at  a  current  density  of  0. 1  mA/cm^  between  4.2V  to 
2.0V  to  include  both  upper  and  lower  discharge  plateaus. 


Capacity,  (Li/Li i  iMnsO-i) 


Figure  41.  Cycling  curves  at  room  temperature  for  Li//SPE//Lii.iMn204  Cell 
HVBL5.  Theoretical  capacity  was  10.7  mAh  (1.0  mol  Li/Lii.iMn204).  Solid 
polymer  electrolyte  was  ECBL6  (Table  7).  The  cathode  was  53.2  w/o 
Lii,iMn2O4:8.0  w/o  Chevron  Carbon:  13.3  w/o  EC:  19.6  w/o  A,-BL:3.0  w/o 
PAN:3.0  w/o  LiAsFe.  Geometric  area  of  the  cathode  was  10  cm^,  and  the 
charge/discharge  current  density  was  0.1  mA/cm^  (~C/1 1  rate). 
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Figure  42.  Discharge/charge  capacities  as  a  function  of  cycle  number  for  the  cell 
shown  in  Figure  41. 

Consistently  higher  capacity  during  charge  and  the  gradual  fading  of  the  overall  capacity 
are  evident  in  Figure  42  and  from  the  50*  cycle  onwards  the  fade  rate  levels  off  at  3%  per  cycle. 
Cycling  over  a  broader  voltage  span  may  have  created  a  great  mechanical  stress  on  the  electrode 
causing  it  to  lose  electrical  contacts  among  the  active  particles  faster.  It  explains  the  relatively 
higher  fade  rate  of  the  cell  shown  in  Figure  42  compared  to  that  in  Figure  40.  The  actual  cell 
performance  data  for  a  few  selected  cycles  are  given  in  Table  1 1. 


Table  11.  Cycling  Data  for  Li//SPE//Lii.iMn204  Cell  HVBL5. 


Specific  capacity  (mol  Li  per  Lii, 

iMn204) 

Discharge/Charge 

Cycle 

Discharge 

H* 

Discharge 

L* 

Charge  H 

Charge  L 

Total 

Discharge 

Total 

Charge 

Ratio 

1 

0.73 

0.37 

0.84 

0.32 

1.10 

1.17 

0.94 

2 

0.77 

0.36 

0.84 

0.31 

1.14 

1.15 

0.98 

5 

0.76 

0.36 

0.82 

0.31 

1.12 

1.13 

0.99 

25 

0.66 

0.25 

0.72 

0.2 

0.91 

0.93 

0.98 

50 

0.61 

0.19 

0.67 

0.15 

0.8 

0.82 

0.98 

100 

0.53 

0.14 

0.57 

0.13 

0.67 

0.69 

0.97 

150 

0.35 

0.18 

0.42 

0.13 

0.53 

0.55 

0.97 

*Discharge  H  and  Charge  H  refers  to  the  capacities  corresponding  to  the  upper  (~4V)  plateau  during 
discharge  and  charge,  respectively.  Discharge  L  and  charge  L  refers  to  the  capacities  corresponding  to  the 
lower  (~2.7V)  during  discharge  and  charge,  respectively. 
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During  most  of  its  cycle  life  (>125  cycles)  the  cell  appears  to  lose  it  lower  plateau  capacity 
faster  than  its  upper  plateau  capacity.  And  in  later  cycles,  they  both  decay  at  similar  rates  and  the 
cell  capacity  declines  significantly  faster.  Comparison  of  Figures  40  and  42  indicates  that  cycling 
over  a  broader  potential  span  allows  for  a  short  term  gain  in  the  specific  capacity  of  the  cathode. 
Although,  the  lower  potential  plateau  is  reminiscent  of  the  reduction  plateau  of  the  low  voltage 
material  where,  lithiation  up  to  1.0  mol  Li  per  Lii.oMn204.7  was  possible  (Figure  26),  the  capacity 
of  the  high  voltage  LixMn204  in  the  lower  plateau  is  substantially  low,  only  37%  of  the  expected 
capacity.  This  indicates  that  the  high  voltage  Lii.iMn204  remaining  at  the  end  of  the  ~4V 
reduction  plateau  is  very  different  in  terms  of  its  lithiation  behavior  from  the  low  voltage 
Iio,93Mn204.  Ironically,  the  low  voltage  material  Iii.oMn204.7  was  found  to  have  insignificant 
capacity  within  the  potential  range  from  4.2V  to  3.0V  (upper  voltage  plateau). 

3.4  Electrochemical  Characterization  of  the  Carbon  Composite  Anode 

Investigation  of  a  carbon  half-cell  is  precedent  to  the  development  of  rocking-chair 
lithium-ion  batteries.  Our  previous  work  with  PC-containing  electrolytes  indicated  a  massive 
electrolyte  reduction  producing  a  potential  plateau  close  to  IV  vs.  Li^/Li  during  the  galvanostatic 
discharge  of  a  Li//SPEy/graphite  cell  and  also  low  rechargeability  of  such  cells.  This  prompted  us 
to  exclude  PC  in  our  work  on  the  development  of  electrolytes  for  carbon  based  lithium-ion  cells. 
Since  both  EC  and  MEOX  are  capable  of  acting  as  stand-alone  plasticizer  solvents  as  reported 
earlier,  attention  was  focused  on  PAN  based  electrolytes  containing  a  binary  solvent  mixture  of 
EC  and  MEOX. 

3.4.1  The  Graphite  Electrode.  First  we  studied  Li  intercalation  into  and 
deintercalation  from  graphite  in  cells  containing  the  Electrolyte  BC18.  Voltage  vs.  capacity 
profiles  for  intercalation  and  deintercalation  (discharge  and  charge)  of  graphite  are  presented  in 
Figure  43  for  a  typical  Li//SPE//AJfa  Graphite  ceU  No.  AA-6  employing  the  Electrolyte  BC18 
(Table  7)  and  operating  at  40  °C. 

Two  voltage  plateaus  corresponding  to  the  reduction  of  the  electrolyte  are  positioned 
around  IV  vs.  Lf/Li.  The  total  charge  capacity  observed  during  the  first  discharge  until  the  lower 
cut  off  voltage  of  -0.02V  vs.  Li'^/Li  corresponds  to  1.3  mol  Li  per  Ce.  The  carbon  electrode 
appears  to  have  passivated  following  the  first  discharge  step,  and  its  utilization  during  the  first 
charge  and  subsequent  charge/discharge  cycles  approximated  the  expected  level  of  one  mol  Li  per 
Ca.  The  capacity  equivalent  to  approximately  0.3  mol  Li/Ce  appearing  at  ~1V  is  attributed  to  the 
passivation  reaction.  The  cell  developed  an  internal  short  during  its  fourth  cycle.  The 
Li//SPE//Alfa  Graphite  cell  performs  poorly  at  room  temperature  due  to  crystallization  of  EC  in 
the  carbon  composite  resulting  in  an  electrolyte  with  low  conductivity.  Therefore,  it  was  of 
interest  to  search  for  binary  EC-MEOX/LiAsFe  electrolytes  that  lead  to  improved  performance  at 
low  ambient  temperatures. 


47 


0.0  0.2  0.4  0.6  0.8  1.0  1.2 

Capacity,  (  Li/Ce) 


Figure  43.  Cycling  curves  at  40  °C  for  Li//SPE//Alfa  Graphite  Cell  No.  AA6. 
Theoretical  capacity  was  28.1  mAh.  Solid  polymer  electrolyte  was  BC18  (Table 
7).  The  cathode  was  51.0  w/o  Alfa  Graphite:43.0  w/o  EC:3.0  w/o  PAN:3.0  w/o 
LiAsFe.  Cathode  geometric  area  was  10  cm\  and  the  charge/discharge  current 
density  was  0.1  mA/cm^  (--CGO  rate). 

Figure  44  shows  capacity  data  for  Li//SPE//Alfa  Graphite  cell,  BMX17  during  its  first  two 
charge/discharge  cycles.  This  cell  was  based  on  the  SPE  composition  SA92  (Table  7).  The  first 
cycle  discharge  capacity  appears  to  be  entirely  due  to  electrolyte  reduction  and  passivation  at  IV 
vs.  y/Li.  The  passivation  layer  appears  to  offer  a  formidable  barrier  to  ion  conduction  and  there 
is  hardly  any  capacity  observed  for  the  first  charge  or  any  subsequent  charges/discharges.  MEOX 
appeared  to  interfere  with  Li  intercalation  into  graphite  and  in  general,  a  carbon  half-cell  based 
on  any  SPE  containing  MEOX,  was  found  to  have  no  useful  rechargeability. 
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Figure  44.  Cycling  curves  at  room  temperature  for  Li//SPE//Alfa  Graphite  Cell 
BMX17.  Theoretical  capacity  was  20.3  mAh.  Solid  polymer  electrolyte  was  SA92 
(Table  7).  The  cathode  was  51.0  w/o  Alfa  Graphite:20.0  w/o  EC:23.0  w/o 
MEOX:3.0  w/o  PAN:3.0  w/o  LiAsFe.  Cathode  geometric  area  was  10  cm^,  and 
the  charge/discharge  current  density  was  0. 1  mA/cm^. 
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Attention  was  next  focused  on  PAN-based  electrolytes  based  on  EC-y  BL  binary 
plasticizers.  Depicted  in  Figure  45  are  selected  charge/disc  barge  cycles  of  a  Li//SPE//Alfa 
Graphite  cell  performed  at  a  current  density  of  0.1  mA/cm^  utilizing  the  Electrolyte  ECBLl 
(Table  7)  and  the  corresponding  performance  data  are  summarized  in  Table  12. 


Figure  45.  Cycling  curves  at  room  temperature  for  Li//SPE//carbon  Cell  AA9. 
Theoretical  capacity  was  13.7  mAh.  Solid  polymer  electrolyte  was  ECBLl  (Table 
7)  The  cathode  was  51.0  w/o  Alfa  Graphite;3.0  w/o  PAN:21.7  w/o  EC:21.3  w/o 
y-BL:3.0  w/o  LiAsFe  Cathode  geometric  area  was  10  cm^  and  the 
charge/discharge  current  density  was  0.1  mA/cm^. 


Table  12.  Cycling  Data  for  Li//SPE//Alfa  Graphite  Cell  AA9. 


Cycle  No. 

Specific  Capacity  mol  Li  per  Ce 

Specific 

Capacity  Ratio 

Discharge 

Charge 

Discharge/Charge 

1 

1.16 

0.96 

1.21 

2 

1.01 

0.99 

1.02 

5 

1.00 

1.01 

0.99 

10 

0.92 

0.94 

0.98 

15 

0.82 

0.82 

0.99 

20 

0.72 

0.74 

0.98 

25 

0.67 

0.68 

0.99 
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The  cycling  was  carried  out  at  room  temperature.  The  first  cycle  discharge  capacity 
equivalent  to  1.16  Li/Ce  suggests  an  even  smaller  extent  of  electrolyte  reduction  compared  to  cell 
No.  AA6  based  on  the  BC18  electrolyte  as  described  above.  A  utilization  level  of  0.96  Li/Ce  is 
observed  for  the  first  charge  step.  Lack  of  significant  electrolyte  reduction  has  allowed  the 
discharge  capacity  during  the  next  few  cycles  to  stay  close  to  1  Li/Ce  with  100%,  reversibility 
during  corresponding  charges.  Beyond  cycle  10,  however,  the  level  of  cathode  utilization  started 
to  deteriorate  rather  rapidly  and  at  cycle  25  the  Li  utilization  has  declined  to  0.65  \JJCf,. 

Because  of  the  potential  toxicity  of  LiAsFe ,  rechargeability  of  the  Alfa  Graphite  anode  in  a 
polymer  electrolyte  containing  LiPFe  would  be  of  significant  interest. 

Li//SPE//Alfa  Graphite  cells  containing  LiPFg  showed  low  utilization  and  rapid  loss  of 
capacity  upon  cycling  as  shown  in  Figure  46.  Rapid  deterioration  of  electrolyte  containing  LiPFe 
may  be  partially  responsible  for  this  poor  performance,  since  a  solution  of  LiPFe  in  the  EC-y-BL 
mixed  solvent  developed  a  brown  color  rapidly  and  the  color  became  very  intense  upon  heating 
with  PAN  at  the  electrolyte  processing  temperature  of  140  °C.  The  first  discharge  curve  shows  a 
less  prominent  plateau  at  around  0.6V  attributable  to  electrolyte  decomposition.  The  discharge 
capacity  to  a  -20  mV  cutoff  was  equivalent  to  0.23  Li/Ce,  of  which  only  0. 17  Li/Ce  was  reversible. 
Later  cycles  showed  significantly  low  utilization. 
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Figure  46.  Cycling  curves  at  room  temperature  for  Li//SPE//carbon  Cell  AAll. 
Theoretical  capacity  was  19.2  mAh.  Solid  polymer  electrolyte  was  ECBL2  (Table 
7).  The  cathode  was  51.0  w/o  Alfa  Graphite:3.0  w/o  PAN:21.7  w/o  EC:21.3  w/o 
Y-BL:3.0  w/o  LiPFe.  Cathode  geometric  area  was  10  cm^,  and  the 
charge/discharge  current  density  was  0.1  mA/cm^. 
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Gradual  fading  of  the  graphite  anode  capacity  shown  by  the  data  in  Figure  45  for  Cell  No. 
AA9  may  be  caused  either  by  an  irreversible  cathodic  process  (probably  electrolyte  reduction) 
taking  place  parallel  to  Li  intercalation  or  the  loss  of  contacts  between  the  active  graphite  particles 
due  to  continuous  expansion  and  contraction  of  the  graphite  matrix  accompanying 
charge/discharge  cycles.  Incorporation  of  acetylene  black  as  a  conductivity  enhancing  additive 
into  the  graphite  electrode  has  been  suggested  in  the  published  literature  as  a  remedial  measure 
mitigating  capacity  losses  due  to  the  second  process.  Since  acetylene  black  itself  is  capable  of 
intercalating  Li,  it  was  desirable  to  determine  the  capacity  of  acetylene  black  in  a  solid  state  cell 
with  the  Li  anode.  Figure  47  depicts  the  cycling  of  a  cell  (AA17)  containing  the  SPE,  ECBLl 
(Table  7)  based  on  Chevron  carbon  cycled  between  2.5V-0.0V  at  a  current  density  of  0.1 
mA/cml  The  first  cycle  discharge  capacity  of  over  1.5  mol  Li  per  Ce  clearly  demonstrate  a 
massive  irreversible  capacity  associated  with  electrolyte  reduction.  A  reversible  capacity  of  close 
to  0.25  Li/(C6)  observed  from  cycle  2  to  cycle  10  is  consistent  with  the  utilization  reported  for 
Chevron  type  carbons. 

According  to  Figure  47,  Chevron  carbon  has  a  reversible  capacity  close  to  93  mAh/g, 
which  is  nearly  25%  of  the  capacity  obtained  with  Alfa  Graphite.  Figure  48  compares  the 
capacity  as  function  of  cycle  number  for  two  Li//SPE//Carbon  cells,  one  with  a  cathode 
containing  Alfa  Graphite,  Cell  No.  AA9  (Figure  44)  and  another  with  mixture  of  graphite  and 
Chevron  carbon  at  a  ratio  of  7.5:1,  cell  No.  AA19. 

Both  carbon  electrodes  in  Figure  48  exhibited  capacities  close  to  the  expected  maximum 
of  1  Li/(C6)  during  late  cycles.  However,  the  graphite  cathode  containing  Chevron  carbon 
exhibits  a  comparatively  higher  first  cycle  irreversible  capacity.  Since  close  to  13%  of  the  carbon 
matrix  is  Chevron  carbon,  and  the  first  discharge  capacities  for  the  two  components  are  close  to 
1.2  Li/Ce  (Figure  45)  for  graphite  and  1.5  Li/Ce  (Figure  47)  for  Chevron  carbon,  first  discharge 
capacity  for  the  graphite/carbon  electrode  shown  in  Figure  48  should  be  close  to  1.25  Li/Ce. 
Much  larger  capacity  was,  however,  observed  during  the  first  discharge  (~1.7  Li/Ce)  and  the 
underlying  reason  for  this  extra  capacity  is  not  understood  at  the  present  time.  As  expected,  the 
reversible  capacity  of  the  Cell  No.  AA19  remained  slightly  below  that  of  the  Cell  No.  AA9 
(Figure  48).  Therefore,  incorporation  of  acetylene  black  in  the  graphite  electrode  does  not  seem 
to  offer  a  clear  advantage  at  least  in  the  short  term  and  also,  the  high  first  cycle  irreversibility  of 
the  graphite  composite  containing  Chevron  carbon  can  be  considered  as  a  deterrent,  especially  for 
Li-ion  cells  with  a  limited  amount  of  cyclable  lithium. 
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Figure  47.  Cycling  curves  at  room  temperature  for  Li//SPE//Chevron  carbon  Cell 
No.  AA17.  Solid  polymer  electrolyte  was  ECBLl  (Table  7).  The  cathode  was 
20.0  w/o  Chevron  carbon:5.0  w/o  PAN;35.4  w/o  EC:34.6  w/o  y-BL:5.0  w/o 
LiAsFe .  Cathode  geometric  area  was  10  cm^  and  the  charge/discharge  current 
density  was  0.1  mA/cml 


Figure  48.  Comparison  of  capacity  versus  cycle  number  for  Li//SPE//Alfa 
Graphite  Cells  AA-9  (Figure  44)  and  AA19.  Solid  polymer  electrolyte  was 
ECBLl  (Table  7).  The  cathode  in  Cell  AA19  was  37.5  w/o  Alfa  Graphite:5.0  w/o 
Chevron  carbon:3.7  w/o  PAN:25.3  w/o  EC:24.8  w/o  y-BL:3.0  w/o  LiAsFe 
Cathode  geometric  area  was  10  cm^,  and  the  charge/discharge  current  density  was 
0.1  mA/cml 
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The  data  in  Figure  46  demonstrated  the  efficient  rechargeability  of  Alfa  graphite  in  the 
Electrolyte  ECBLl  (Table  7)  with  reversible  utilization  of  Li  close  to  1.0  mol  per  Ce.  The 
capacity  in  that  case  did  not  decline  appreciably  until  cycle  10  and  at  cycle  25  it  reached  about 
0.65  Li  mol  per  Ce.  However,  our  continuing  effort  to  improve  PAN-based  electrolytes  based  on 
EC-y  BL  binary  plasticizers  was  marred  by  the  inconsistencies  in  the  Li  utilization  observed  in  this 
electrolyte  for  different  lots  of  synthetic  graphite  that  we  purchased  from  the  same  vendor  (Alfa). 
Rechecking  the  performance  of  several  Li//SPE//graphite  cells  containing  freshly  prepared  ECBLl 
revealed  that  they  too  failed  to  reproduce  the  data  shown  in  Figure  45.  Our  attempts  to  correct 
this  discrepancy  involved  using  purer  chemicals,  drier  solvents  and  also,  the  effect  of  possible 
contaminants.  The  extent  of  this  data  irreproducibility  is  highlighted  in  Figure  49  which  compares 
the  capacity  vs.  cycle  number  data  for  one  of  these  recent  Li//SPE//graphite  cells  (AA72) 
containing  ECBLl  electrolyte  with  those  reported  previously  for  Cell  AA9. 

We  speculate  that  the  irreproducibility  highlighted  in  Figure  49  for  graphite  half  cells  may 
be  due  to  minor  lot-to-lot  variations  of  the  physical  properties  of  the  commercially  available 
graphite 


Figure  49.  Comparison  of  capacity  versus  cycle  number  data  for  the  Li//SPE//Alfa 
graphite  Cell  No.  AA72  containing  the  Electrolyte  ECBLl  (Table  7)  with  those  for 
a  similar  cell.  Cell  No.  AA9,  shown  in  Figure  45. 
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3.4.2  Carbon  Electrode  made  by  Solvent-Cast  Technique.  Apart  from  the  nature  of 
the  electrolyte  used,  cycling  performance  of  the  carbon  electrode  appears  to  be  sensitive  to  other 
factors  such  as  the  binder  and  the  fabrication  process  used.  We  have  successfully  developed 
fabrication  procedures  other  than  the  hot-rolling  technique  which  is  normally  used  to  make 
electrode.  In  one  process,  carbon  was  dispersed  in  a  THF  solution  of  a  polymer,  poly(vinyl 
chloride-co-vinyl  acetate),  mixed  with  the  plasticizer  solvents  to  obtain  a  paste  with  putty  like 
consistency.  The  paste  was  rolled  to  form  a  laminate  at  ambient  temperature  and  the  low  boiling 
THF  was  removed  by  evaporating  under  partial  vacuum  leaving  the  high  boiling  plasticizer 
solvents  in  the  composite.  We  used  this  procedure  to  fabricate  graphite  and  Conoco  coke 
composite  electrodes  containing  EC/LiPFe  plasticizer.  Capacity  vs.  voltage  curves  are  presented 
in  Figure  50  for  a  Li//SPEy/Alfa  Graphite  cell,  (AA59)  operating  at  40  °C. 

The  total  capacity  observed  during  the  first  discharge  was  about  1.06  Li/Ce.  Utilization 
during  the  first  charge  and  next  few  charge/discharge  cycles  approximated  the  expected  level  of 
one  mol  Li  Ce.  The  reversible  capacity  continued  to  decline  slowly  and  in  cycle  20  it  reached  0.72 
mol  Li  per  C^.  A  prominent  feature  is  the  low  irreversible  capacity  involved  in  the  first  cycle. 
Specific  capacities  shown  in  Figure  50  are  comparable  to  those  in  Figure  43,  even  though  direct 
comparison  of  the  two  cells  is  not  valid.  However,  data  in  Figure  50  clearly  demonstrate  the 
utility  of  the  solvent  cast  technique  to  fabricate  laminated  thin  film  carbon  electrodes.  Figure  51 
depicts  the  capacity  V5.  voltage  curves  for  a  Li//SPE//Conoco  Coke  cell,  (AA65)  operating  at 
40°C. 


Figure  50.  Cycling  curves  at  40  °C  for  Li//SPE//Alfa  Graphite  Cell  AA59. 
Theoretical  capacity  was  16.1  mAh.  Solid  polymer  electrolyte  was  ECPl  (Table  7 
The  cathode  was  57.0  w/o  Alfa  graphite:  10.0  w/o  poly(vinyl  chloride-co-vinyl 
acetate):30.9  w/o  EC;2.15  w/o  LiPFe  Cathode  geometric  area  was  10  cm^  and 
the  charge/discharge  current  density  was  0. 1  mA/cm^. 
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Figure  51.  Cycling  curves  at  40 °C  for  Li//SPE//Conoco  Coke  Cell  AA65. 
Theoretical  capacity  was  14.0  mAh  (1.0  mol  Li  per  Cn).  Solid  polymer  electrolyte 
was  ECPl  (Table  7).  The  cathode  was  80.0  w/o  Conoco-Coke:10.0  w/o 
poly(vinyl  chloride-co- Vinyl  acetate):9.0  w/o  EC:  1.0  w/o  LiPFe.  Geometric  area 
of  the  cathode  was  10  cm^,  and  the  charge/discharge  current  density  was  0.1 
mA/cm^. 

In  this  case  only  the  compositions  with  low  electrolyte  content  could  furnish  a  paste  with 
adequate  consistency  to  roll  because  coke  absorbs  hardly  any  organic  liquids.  According  to 
Figure  51,  Li  intercalation  has  reached  nearly  0.4  Li/Ce  during  the  first  few  cycles.  Lower  than 
the  anticipated  utilization  of  0.5  Li/Ce  may  be  due  to  wettability  problems  associated  with  the 
lower  content  of  the  plasticizer  used  in  the  formulation. 

3.4.3  Carbon  Electrode  made  by  Hot-Pressing  Technique.  Despite  the  encouraging 
results  discussed  above,  the  carbon  electrode  containing  a  polymer  electrolyte  binder  appears  to 
have  certain  inherent  limitations.  Because  of  the  absence  of  convection  and  low  carrier  mobility 
solid  polymer  electrolytes  are  different  from  their  liquid  counterparts  and  they  are  susceptible  to 
problems  arising  from  concentration  polarization.  As  pointed  out  earlier,  this  situation  may  be 
prevalent  to  the  polymer  electrolyte  binder  present  within  the  electrode  composite.  A  potential 
way  to  circumvent  this  problem  is  to  use  using  thin  electrodes  with  high  materials  loading  and  to 
avoid  using  the  polymer  electrolyte  binder  all  together.  Instead,  a  liquid  electrolyte  made  up  of 
low  molecular  weight,  high  permittivity  and,  low  viscosity  solvents  can  be  supported  inside  the 
empty  channel  of  a  composite  electrode.  A  solid  polymer  electrolyte  is  still  be  used  as  the  ion 
conductive  separator.  Such  a  process  was  successfully  developed  to  fabricate  carbon  composite 
electrodes  with  substantially  better  electrochemical  properties  and  endurance.  Capacity  vs. 
voltage  curves  are  presented  in  Figure  52  for  a  Li//SPE//Alfa  Graphite  cell,  (AA81)  cycling  at 
ambient  temperature. 
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Figure  52.  Cycling  curves  at  room  temperature  for  Li//SPE//Alfa  Graphite  Cell 
AA81.  Theoretical  capacity  was  46.8  mAh.  Solid  polymer  electrolyte  was  DPC2 
(Table  7).  The  cathode  (dry)  was  93.0  w/o  Alfa  graphite:2.0  w/o  Chevron 
carbon:5.0  w/o  poly(vinylidene  fluoride).  Soaking  electrolyte  was  DPCX  (Table 
7).  Cathode  area  was  10  cm^,  and  the  charge  (discharge)  current  density  was  0.1 
(0.2)  mA  /cm^. 

Efficient  utilization  of  Li  is  evident  in  Figure  52  with  a  reversible  capacity  of  nearly  0.9 
Li/Ce  up  to  the  cycle  20  at  a  discharge  rate  close  to  C/20.  Unlike  the  previous  observations  for 
cells  based  on  Alfa  Graphite  (Figures  45  and  50),  the  first  cycle  discharge  capacity  was  relatively 
low  (~1  Li/C6).  The  first  charge  capacity  of  nearly  0.8  Li/Ce  indicates  that  as  much  as  0.2  mol  of 
Li  per  Ce  has  been  used  up  for  irreversible  reactions  in  agreement  with  the  other  Alfa  Graphite 
cells  discussed  thus  far  (Figures  45  and  50).  Parallel  information  for  Li//SPE//Conoco  CeU  No. 
AA81  is  depicted  in  Figure  53. 

Reversible  Li  utilization  better  than  0.4  mol  Li  per  Ce  shown  for  the  first  20  cycles  in 
Figure  53  is  quite  satisfactory  compared  to  the  maximum  reported  capacity  of  0.5  Li/Ce  for  coke. 
At  present,  the  cell  has  cycled  over  45  cycles  and  the  capacity  is  maintained  at  0.4  Li/Ce. 

3.4.4  Capacity  Fade  in  Li//SPE//Carbon  Cells.  The  capacity  and  the  cyclability  of 
carbon  in  a  cell  are  dependent  on  a  variety  of  factors.  These  are;  type  of  carbon,  source,  thermal 
history,  nature  of  the  electrolyte,  electrochemical  parameters  maintained  during  discharge/charge, 
compatibility  among  the  electrolyte  and  electrode  materials,  and  the  process  used  to  fabricate 
electrodes.  In  addition  to  that,  all  carbon  containing  half  cells  share  some  common  problems,  such 
as  irreversible  capacity  in  the  first  discharge  and  fading  of  the  capacity  during  repeated  cycling. 
Irreversible  capacity  has  been  correlated  with  the  effective  surface  area  of  a  particular  carbon  and 
is  therefore  related  to  both  electrochemical  properties  of  the  electrolyte  and  the  surface  chemistry 
of  carbon.  Capacity  fading  on  the  other  hand,  may  be  a  consequence  of  the  loss  of  electrical 
contacts  among  active  particles  due  to  lattice  expansion  and  contraction  during  cycling,  loss  of 
contact  between  the  active  material  and  current  collector  due  to  delamination  or  the  gradual  build 
up  of  a  passivation  layer  on  the  carbon  surface.  All  these  factors  elevate  the  impedance  of  the 
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Figure  53.  Cycling  curves  at  room  temperature  for  Li//SPE//Conoco  Coke  Cell 
AA80.  Theoretical  capacity  was  38.5  mAh.  Solid  polymer  electrolyte  was  DPC2 
(Table  7).  The  cathode  (dry)  was  95.4  w/o  Conoco  Coke:2.1  w/o  Chevron 
carbon:2.6  w/o  poly(vinylidene  fluoride).  Soaking  electrolyte  was  DPCX  (Table 
7).  Cathode  geometric  area  was  10  cm^,  and  the  charge  (discharge)  current 
density  was  0.1  (0.2)  mA  /cm^. 

electrode  that  results  in  an  over-potential  causing  the  electrode  to  reach  its  voltage  limits 
prematurely  during  cycling.  Therefore,  development  of  a  successful  carbon  electrode  relies  on 
our  ability  to  understand  and  manage  the  causes  that  contribute  to  irreversible  capacity  and 
capacity  fading.  Data  included  in  Table  13  were  derived  from  the  impedance  spectra  of  a  carbon 
electrode  in  a  three  electrode  Li//SPE//Alfa  graphite  Cell  No.  AA74  taken  at  the  end  of  different 
discharges  during  repeated  cycling  from  -0.020V  to  2.5V. 

Table  13.  Impedance  Data  for  the  Graphite  Electrode  in  a  Li//SPE// 


Graphite  Cell  taken  at  the  End  of  a  Discharge*. 


No.  of  Discharges 

Rb 

Rc." 

0 

8.4 

1 

0.6 

13.6 

2 

0.6 

22.1 

5 

0.6 

32.0 

8 

0.6 

40.0 

12 

0.6 

~53 

“The  Li//SPE//Alfa  Graphite  Cells  AA74  is  based  on  a  hot-rolled 
cathode.  Theoretical  capacity  was  16.3  mAh.  Solid  polymer 
electrolyte  was  ECBLl  (Table  7).  The  cathode  was  51.0  w/o 
Alfa  Graphite:3.0  w/o  PAN:21.7  w/o  EC:21.3  w/o  y-BL:3.0  w/o 
LiAsFe.  Cathode  geometric  area  was  10  cm^,  and  the 
charge/discharge  current  density  was  0. 1  mA/cm^. 

**  Visually  estimated  values. 
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WhOe  the  bulk  impedance  (Rb)  of  the  electrode  remains  virtually  constant,  the  charge 
transfer  resistance  (Ret)  increases  steadily  with  cycling.  Delamination  and  loss  of  contact  among 
carbon  particles  due  to  mechanical  deformation  of  the  carbon  lattice  should  appear  in  Rb  as  well 
as  Ret  values  for  the  electrode.  The  latter  reflects  the  changing  area  of  interfaces  across  which 
charge  transfer  takes  place  and  the  former  is  related  to  the  increase  in  the  spatial  dimensions  of  the 
conducting  phase.  An  increasing  passivation  layer,  however,  mainly  influences  the  Ret  feature  of 
the  impedance  spectra.  According  to  the  data  presented  in  Table  13,  during  the  early  part  of 
cycling  at  least,  delamination  or  the  loss  of  contacts  among  active  particles  doesn't  seem  to  be  the 
source  of  continuing  capacity  loss  seen,  for  example,  in  Figure  45.  Gradual  increase  of  the  Ret 
value  suggests  a  continually  growing  passivation  layer.  Since  the  discharge  curve  for  carbon  is 
essentially  flat  during  the  latter  part  of  the  discharge,  any  small  increment  in  the  over-potential  due 
to  passivation  corresponds  to  a  significant  loss  of  capacity.  This  translates  into  a  lower  amount  of 
recyclable  li  entering  the  carbon  lattice.  This  aspect  is  further  highlighted  by  the  fact  that  during 
the  long  term  cycling  of  a  carbon  half  cell,  efficiency  of  the  charge/discharge  process  (ratio  of 
capacities)  remains  close  to  one  even  though  the  capacity  continues  to  fall.  Therefore  proper 
management  of  the  passivation  layer  on  carbon  appears  to  be  an  essential  initiative  for  combating 
the  capacity  loss  of  carbon  electrodes. 

Figure  54  presents  further  evidence  for  a  continually  growing  passivation  layer  on  the 
carbon  electrode  in  a  Li//SPEy/Alfa  Graphite  Cell  No.  AA-77  containing  ECBLl  electrolyte.  The 
carbon  capacity  was  16.1  mAh.  The  first  discharge/charge  cycle  was  carried  out  at  0.1  mA/cm^ 
within  a  potential  span  of  -0.020V  to  2.5V  vi'.  liVLi.  Capacities  observed  during  the  first 
discharge  and  the  first  charge  were  16,4  and  12.4  mAh,  respectively.  Starting  from  the  second 
cycle  the  discharge  limit  was  preset  to  a  constant  depth  of  12.2  mAh  while  the  charging  was 
allowed  up  to  a  cell  potential  of  2.5V.  As  shown  in  Figure  54  the  discharge  curve  has  shifted 
towards  more  negative  potentials  with  each  discharge  and  in  just  4  cycles  it  has  begun  to  overlap 
with  the  plateau  corresponding  to  the  Li  deposition.  A  negatively  shifting  discharge  curve  is 
strongly  indicative  of  a  growing  passivation  layer.  If  the  discharge  was  potential  limited  as  is 
done  usually,  the  growing  passivation  causes  the  over-voltage  to  elevate  forcing  the  cell  to  reach 
its  lower  cutoff  faster  during  each  discharge  and  as  a  result,  to  lower  the  utilization. 

3.4.5  Carbon/Aluminum  Composite  Anode.  Gravimetric  and  volumetric  capacities  of 
LixAl  alloy  (0<x<l),  993  mAh/g  and  1340  mAh/cm^,  respectively,  are  higher  than  the 
corresponding  values  for  lithiated  graphite,  372  mAh/g  and  837  mAh/cm^.  Therefore  a  composite 
containing  graphite  and  A1  wUl  have  higher  specific  capacity  than  graphite  alone.  Such 
composites  are  useful  in  a  cell  of  the  configuration  Carbon,Al//polymer  electrolyte/LixMn204. 
Intercalation  of  aluminum  is  characterized  by  a  potential  profile  that  has  plateaus  corresponding  to 
three  major  alloy  phases  namely;  i)  +0.38V  for  a  +  P;  ii)  +0.12V  for  p  +  y,  and  iii)  +0.05V  for  y  -i- 
5.  These  are  reminiscent  of  the  plateaus  observed  for  graphite  that  correspond  to  the  coexistence 
of  pairs  of  nearby  stage  compounds.  The  voltage  profile  in  this  case,  is  essentially  flat  and  stays 
below  80  mV  vs.  Although  more  positive  voltage  profile  for  Li-Al  involves  a  slight 

voltage  penalty,  substantially  higher  capacity  of  Li-Al  ensures  higher  energy  density  for  cells  with 
Li-Al  anodes.  Poor  capacity  retention  is  evident  in  reported  data  on  the  ambient  temperature 
rechargeable  batteries  employing  pure  A1  during  repeated  cycling  over  a  large  compositional 
range.  The  main  reason  for  this  drawback  was  the  result  of  chemical  and  mechanical  degradation 
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Capaci  Ly  (mAh) 

Figure  54.  An  expanded  portion  of  the  cycling  curves  for  Li//SPE//Alfa  Graphite 
Cell  AA77.  Theoretical  capacity  was  16.1  mAh  (1.0  mol  Li/CCe)).  Solid  polymer 
electrolyte  was  ECBLl  (Table  7)  The  cathode  was  51.0  w/o  Alfa  Graphite:3.0 
w/o  PAN:21.7  w/o  EC:21.3  w/o  7-BL:3.0  w/o  LiAsFe.  First  cycle  limits  were 
0.020V  to  2.5V  Li'^/Li.  Starting  from  the  second  cycle  the  discharge  was  capacity 
limited  at  12.2  mAh  while,  the  upper  limit  was  still  2.5V.  Geometric  area  of  the 
cathode  was  10  cm^,  and  the  charge/discharge  current  density  was  0.1  mA/cm^. 

processes  that  stemmed  from  poor  diffusion  of  Li  into  the  alloy  bulk.  We  have  attempted  to 
circumvent  these  mechanical  and  other  constraints  relating  to  poor  Li  diffusion  by  using  a 
composite  of  fine  A1  powder  (<20  pm)  dispersed  mechanically  in  graphite  and  bound  by  an  ion 
conductive  SPE.  The  SPE  binder  was  considered  to  provide  an  elastic  matrix  in  which  A1  can 
always  stay  in  contact  with  rest  of  the  composite  through  significant  changes  in  its  size  associated 
with  deep  cycling.  Few  selected  results  on  this  A1  containing  graphite  composites  are  discussed 
next. 


Depicted  in  Figure  55  are  selected  charge/discharge  cycles  of  the  Li//SPE//Composite  half 
cell  based  on  the  Al/graphite/Chevron  carbon  binder  composite  and  ECBLl  electrolyte  (Table  7) 
performed  at  a  current  density  of  0. 1  mA/cm^.  A  prominent  plateau  close  to  0.4V  on  the  charge 
profile  is  characteristic  of  the  delithiation  of  Li-Al  (a-P  equilibria).  Cell  performance  data 
corresponding  to  Figure  55  is  presented  in  Table  14. 
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capacity,  (Li/(C6  +  Al)) 

Figure  55.  Cycling  curves  for  Liy/SPE//Al .Graphite  Composite  CeU  AA31. 
Theoretical  capacity  was  19.0  mAh  (10.0  mAh  for  graphite,  9.0  mAh  for  Al). 
SoUd  polymer  electrolyte  was  ECBLl (Table  7).  The  cathode  was  38.4  w/o  Alfa 
Graphite:  12.8  Al:1.3  w/o  Chevron  Carbon:3.2  w/o  PAN:20.8  w/o  EC:20.3  y 
BL:3.2  w/o  LiAsFe.  Cathode  geometric  area  was  10  cm^,  and  the 
charge/discharge  current  density  was  0.1  mA  /cm^. 


Table  14.  Cycling  Data  for  Li//SPE//(Al,Graphite,  Chevron  Carbon  Composite)  Cell  AA-31. 


Cycle 

Discharge 

(mAh) 

Charge 

(mAh) 

Specific  Capacity 
Li/(C6  +  Al) 
Discharge/Charge 

Ratio  of  Charge* 
Capacity/Initial 
Graphite  Capacity 

1 

20.33 

13.8 

1.07/0.73 

1.38 

2 

13.47 

10.64 

0.71/0.56 

1.06 

5 

8.67 

8.27 

0.46/0.44 

0.83 

7 

8.07 

7.69 

0.43/0.41 

0.77 

9 

6.37 

6.15 

0.34/0.32 

0.62 

10 

0.13 

0.16 

0.01/0.01 

0.02 

♦Theoretical  capacities  of  Alfa  graphite  and  Al  in  the  composite  are  10.0  mAh  and  8.9 
mAh,  respectively 
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Theoretical  capacities  corresponding  to  graphite  and  A1  in  the  composite  are  close  to  10.0 
mAh  and  8.9  mAh,  respectively.  These  capacities  were  calculated  by  considering  the  actual 
electrode  composition  and  the  maximum  capacities  of  each  component,  1  Li/(C6)  and  1  Li/(A1). 
Assuming  a  utilization  of  1  mol  Li  per  Ce  on  the  first  charge,  the  capacity  observed  for  the  first 
charge  (13.8  mAh)  corresponds  to  about  43%  first  cycle  reversibility  for  Al.  On  the  7th  charge 
plateau  around  0.4V  has  disappeared  and  the  overall  utilization  has  declined  to  about  80%  of  the 
expected  graphite  capacity.  Utilization  during  charge  continued  to  go  down  and  from  the  10* 
cycle,  the  cell  simply  began  to  polarize  repeatedly  between  the  two  preset  voltage  limits  resulting 
in  almost  zero  cell  capacity.  This  behavior  was  consistently  observed  in  repeated  attempts.  A 
failed  cell  was  opened  and  examined  under  the  microscope,  and  no  defect  other  than  the  complete 
delamination  of  the  composite  layer  was  discovered.  AC  impedance  spectroscopy  of  a  failed  cell 
however,  showed  a  substantial  increase  in  the  intercept  of  the  mid-frequency  semicircle  with  the 
real  axis  indicating  an  increase  in  the  charge  transfer  resistance.  This  is  consistent  with  a  serious 
passivation  process  involving  both  Al  and  graphite  and  it  may  very  well  be  the  cause  for  the  cell  to 
lose  its  capacity  during  latter  part  of  cycling. 

We  also  compared  these  results  with  those  obtained  for  carbon/Al  composite  electrodes 
prepared  by  the  solvent  cast  technique  using  the  soluble  polymer  binder,  poly(vinyl  chloride-co¬ 
vinyl  acetate).  Fabrication  procedure  was  identical  to  that  used  for  the  carbon  electrodes 
discussed  earlier  in  detail.  They  showed  a  moderate  yet  consistent  improvement  in  specific 
capacity  as  well  as  the  cycle  life.  The  overall  observations  however,  were  parallel  to  those  in 
Figure  55  and  in  Table  15.  As  before,  following  a  steady  decline,  the  rechargeable  capacity 
suddenly  dropped  to  near  zero  value  accompanied  by  a  large  increase  in  the  charge  transfer 
resistance.  The  most  significant  finding  is  the  fact  that  these  carbon/aluminum  composite 
electrodes  have  a  significant  potential  to  boost  the  overall  specific  capacity  of  the  carbon  anode. 

3.5  Carl)oii//SPEy/Lii.iMn204  Cells 

3.5.1  Solid  State  Cells  containing  Electrodes  made  of  Composites  Hot-rolled  onto 
Current  Collectors.  Having  studied  the  rechargeability  of  the  high  voltage  cathode  material 
LixMn204  and  the  carbon  anode  separately  we  now  have  the  opportunity  to  discuss  the  cycling 
behavior  of  Li-ion  cells  incorporating  these  electrodes.  These  cells  are  assembled  in  discharged 
state  and  they  minimize  the  disadvantages  of  using  a  Li  metal  negative  electrodes  such  as  safety 
hazards  and  shorter  cycle  life  associated  with  the  use  of  pure  metallic  Li.  Capacities  of  the  anode 
and  cathode  are  chosen  by  considering  the  first  cycle  charge/discharge  characteristics  of  both 
Lii,iMn204  and  carbon  half-cells.  For  example,  as  shown  in  Figure  37  utilization  of  the  cathode 
material  remains  at  about  80%  during  the  first  charge  (deintercalation)  and  the  first  discharge 
(intercalation)  of  the  carbon  half-cell  shown  in  Figure  44  involves  an  equivalent  capacity  of  about 
1.2  mol  Li  per  Ce  or  1.2  times  the  theoretical  capacity  of  carbon.  For  a  given  carbon  anode,  the 
corresponding  cathode  capacity  for  a  balanced  cell  can  be  calculated  after  allowing  additional 
capacity  to  satisfy  the  irreversible  capacity  at  the  anode  and  also,  to  allow  for  its  own  maximum 
available  charge  depth  of  about  0.80%.  Therefore,  the  calculated  cathode  capacity  amounts  to 

1.5  times  (1.2/0.80)  that  of  the  anode  and  the  expected  reversible  capacity  of  the  cell  becomes 
equal  to  the 


61 


Table  15.  Cycling  Data  for  Li//SPEy/Carbon  Cell  AAFl. 


Cycle 

No. 

Charge 

(mAh) 

Discharge 

(mAh) 

Charge/ 

Discharge  Ratio 

Specific  Capacity 

Li/C6 

Charge/Discharge 

Mid 

Capacity 

Voltage 

(Volt) 

Energy 

Density 

(Whr/Kg) 

1 

21.12 

16.32 

1.29 

1.20/0.92 

3.855 

68.5 

2 

15.76 

15.44 

1.02 

0.89/0.88 

3.855 

64.8 

5 

14.40 

14.32 

1.01 

0.81/0.82 

3.857 

60.2 

25 

11.46 

11.65 

0.98 

0.64/0.66 

3.827 

48.6 

50 

9.16 

9.41 

0.97 

0.52/0.53 

3.745 

38.4 

120 

7.59 

7.59 

0.99 

0.43/0.43 

3.765 

3.1. 

Pertinent  Data  for  Calculating  the  Energy  Density 


Cathode  laminate 

0.325 

Anode  laminate 

0.093 

Weight,  g 

Ni  shim  (anode  current  collector) 

0.275 

A1  shim  (cathode  current  collector) 

0.075 

Solid  polymer  electrolyte  (thickness  -  4.5 
mil,  area  - 10  cm^  and  density  1.3  g  cm'^) 

0.150 

Total 

0.918 

theoretical  capacity  of  the  anode.  In  practice,  however,  the  cathode  and  the  anode  are  chosen  so 
that  their  capacity  ratio  remains  within  the  range  from  1.3  to  1.5  and  as  a  result,  the  cell 
configuration  will  be  slightly  cathode  limited.  Capacity  and  cycling  characteristics  of  a  Alfa 
Graphite//SPE//Lii.iMn204  lithium-ion  cell  are  shown  in  Figures  56  and  57.  The  cell  was  cycled 
between  upper  and  lower  limits  of  4.25  and  2.65V,  respectively,  at  0. 1  mA/cm^.  The  anode  and 
the  cathode  capacities  were  17.7  mAh  and  24.5  mAh,  respectively,  corresponding  to  a  cathode  to 
anode  capacity  ratio  of  1.4. 


62 


Figure  56.  Cycling  curves  at  room  temperature  for  Alfa 
Graphite//SPE//Lii,iMn204  Cell  AAFl.  Respective  cathode  and  anode  capacities 
were  24.5  mAh  (1  mol  Li  per  Li:.iMn204)  and  17.7  mAh  (1  mol  Li  per  Ce) 
corresponding  to  a  cathode/anode  capacity  ratio  of  1.4.  Solid  polymer  electrolyte 
was  ECBLl  (Table  7).  The  cathode  was  51.0  w/o  Lii.iMn2O4:3.0  PAN:17.7  w/o 
EC:  17.3  w/o  y-BL:3.0  w/o  LiAsFe.  The  anode  was  51.0  w/o  Alfa  Graphite:3.0 
w/o  PAN;21.7  w/o  EC:21.3  w/o  y-BL:3.0  w/o  LiAsFe  SPE  binder.  Geometric 
area  of  both  electrodes  was  10  cm^,  and  the  charge/discharge  current  density  was 
0. 1  mA/cm^. 


Figure  57.  Capacity  versus  cycles  for  the  cell  shown  in  Figure  56. 
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Cell  performance  data  corresponding  to  Figure  56  are  summarized  in  Table  15.  The  first 
cycle  charge  capacity  of  1.2  mol  Li  per  Ce  corresponds  close  to  100%  utilization  of  the  carbon 
anode  as  expected  for  a  balanced  cell.  Steady  decline  in  the  Li  utilization  observed  for  the 
individual  cathode  (Figure  39)  and  for  the  anode  (Figure  45)  in  y-BL  containing  electrolyte 
contributes  to  the  steady  fade  in  capacity  depicted  in  Figure  56.  Energy  density  of  a  cell  can  be 
optimized  by  the  adjustment  of  a  few  key  parameters  such  as  the  weight  ratio  of  electroactive  to 
electro-inactive  materials,  weight  of  the  electrolyte  film  and,  weight  of  the  current  collectors.  No 
such  effort  was  made  in  the  present  study. 

3.5.2  Solid  State  Cells  containing  Compressed  Electrodes  Soaked  in  a  Liquid 
Electrolyte.  Capacity  and  cycling  characteristics  of  a  Alfa  Graphite//SPE//Li,  ,Mn204  lithium-ion 
ceU  are  shown  in  Figures  58  and  59.  The  cell  was  cycled  between  upper  and  lower  limits  of  4.25 
and  2.65V,  respectively,  at  0.1  mA/cm^.  The  anode  and  the  cathode  capacities  were  31.15  mAh 
and  44.66  mAh,  respectively,  corresponding  to  a  cathode  to  anode  capacity  ratio  of  1.4. 


Figure  58.  Cycling  curves  at  room  temperature  for  Alfa 
Graphite//SPE//Lii,iMn204  Cell  AAF9.  Cathode  and  anode  capacities  are  44.66 
mAh  (1  mol  Li  per  Lii,iMn204)  and  31.15  mAh  (1  mol  Li  per  Ce)  corresponding  to 
a  cathode/anode  capacity  ratio  of  1.4.  Solid  polymer  electrolyte  was  DPC2  (Table 
7).  Dry  cathode  was  93.5  w/o  Lii.iMn204:2.5  w/o  PE:4.0  w/o  Chevron  Carbon. 
The  dry  anode  was  93.0  w/o  Alfa  Graphite:5.0  w/o  PVDF:2.0  w/o  Chevron 
carbon.  Soaking  electrolyte  was  DPCX  (Table  7).  Respective  geometric  areas  of 
the  cathode  and  anode  were  10  and  11.3  cm^  and  the  charge/discharge  current 
density  was  0.1  mA/cm^ 
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Figure  59.  Capacity  versus  cycles  for  the  cell  shown  in  Figure  58. 

Figures  58  and  59  illustrate  a  cell  with  good  Li  reversibility  and  cycle  life.  Relatively  sharp 
potential  change  at  the  end  of  a  charge  step  (Figure  58)  indicates  the  full  utilization  of  the  cathode 
charge  capacity.  A  ratio  of  cathode  to  anode  capacities  of  1.4  implies  that  the  cell  is  properly 
balanced  in  terms  of  the  initial  capacities  of  each  electrode.  Cycling  was  done  close  to  C/30  rate 
relative  to  the  original  anode  capacity.  The  Li  utilization  corresponds  to  the  first  charge  through 
the  second  charge  is  as  summarized  below.  Lix“^  is  the  first  cycle  irreversible  loss  of  Li  at  the 
anode  which  is  close  to  0.2  mol  Li  per  Ce  as  anticipated. 


1  “  Charge 


IRR 


1 .4  L.1  I  I  Mn  2O4  "f*  C  ^ 


1.4  L.i  Q  25  Mn  2^4  ^  tj Q  2  LiC  6  J" 


1.4  Li  0.9^  Mn204  +^LiQ2+CjJ 


0.  9  7  Li 


1.4  Li  0.27  Mn204  +  ^Lio.2  +  Li  0.97  Cfi  ] 


The  cell  appeared  to  be  cycling  normally  through  Cycle  50.  From  Cycle  2  onwards  the 
capacity  fade  rate  was  uniform  and  approached  0.3%  per  cycle.  Judging  from  the  amount  of  Li 
transferred  in  and  out  from  an  electrode  during  each  cycle,  Li  irreversibility  appears  to  be  greater 
at  the  cathode.  The  advantage  of  using  dense  (compressed)  electrodes  supporting  a  liquid 
electrolyte  in  a  Li-ion  cell  is  clearly  evident  from  the  data  in  Table  16.  Characteristics  of  a  similar 
cell  at  higher  current  density  is  depicted  in  Figures  60  and  61  and  Table  17. 
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Table  16.  Cycling  Data  for  Alfa  Graphite//SPE//Lii.iMn204  Cell,  AAF9  at  Low  Rate. 


Cycle 

No. 

(Charge 

(mAh) 

Discharge 

(mAh) 

Charge/Discharge 

Ratio 

Specific  Capacity 
UlCe 

Charge/Discharge 

Mid 

Discharge 

Voltage 

(Volt) 

Energy 

Density 

(Whr/Kg) 

1 

37.02 

31.92 

1.16 

1.21/1.03 

3.890 

141.9 

2 

30.22 

29.97 

1.01 

0.97/0.96 

3.915 

134.1 

5 

29.56 

29.31 

1.01 

0.95/0.94 

3.912 

131.0 

10 

28.66 

28.53 

1.00 

0.92/0.92 

3.905 

127.3 

25 

27.13 

27.13 

1.00 

0.87/0.87 

3.902 

121.0 

50 

25.79 

25.01 

1.03 

0.83/0.80 

3.827 

109.4 

Pertinent  Data  for  Calculating  the  Energy  Density 


Cathode  laminate  (dry,  5.0  mil  thick) 

0.313 

Anode  laminate  (dry,  1.9  mil  thick) 

0.085 

Soaked  in  Uquid  electrolyte  (anode 
estimated)* 

0.018 

Soaked  in  Uquid  electrolyte  (cathode 
estimated)* 

0.054 

Weight,  g 

Cu  mesh  (anode  current  collector) 

0.163 

A1  mesh  (cathode  current  collector) 

0.092 

Solid  polymer  electrolyte  (Thickness  -  4.0 
mil.  Area  -  2.7X4 .2  cm^  and  Density  1.3 
g  cm'^) 

0.150 

Total 

0.875 

*Weight  of  the  soaked-in  electrolyte  was  calculated  from  the  difference  between  the  total  volume  (rf 
each  component  and  the  actual  volume  of  each  electrode  laminate.  Composition  of  the  composites 
are  as  given  in  the  figure  caption.  Densities  used  were  4.26  g/cm^  (LixMn204),  2.25  g/cm^ 
(Carbon),  0.92  g/cm^  (PE),  1.77  g/cm^  (PVDF),  1.30  g/cm^  (solid  polymer  electrolyte)  and,  1.38 
g/cm’  (soaked-in  liquid  electrolyte).  Thickness  of  the  electrode  laminate  was  the  difference 
between  the  actual  electrode  thickness  and  that  of  the  uncompressed  shim  itself.  Weight  of  the 
electrodes  leads  and  the  cell  cover  was  not  included).  Densities  of  Chevron  carbon  and  Alfa 
graphite  were  taken  as  2.25  g/cm^  instead  of  the  measured  values  of  1.42  and  1.6  g/cm^,  to  account 
for  the  electrolyte  incorporated  in  the  pores  of  each  carbon  material. 
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Figure  60.  Cycling  curves  at  room  temperature  for  Alfa  Graphite//SPEy/Lii.iMn204 
Cell  AAF22.  Cathode  and  anode  capacities  are  39.7  mAh  (1  mol  Li  per 
Lii.iMn204)  and  28.7  mAh  (1  mol  Li  per  C6)  with  a  cathode/anode  capacity  ratio 
of  1.4.  Solid  polymer  electrolyte  was  DPC2  (Table  7).  Dry  cathode  was  93.5  w/o 
Lii.|Mn204:2.5  w/o  PE:4.0  w/o  Chevron  Carbon.  The  dry  anode  was  93.0  w/o 
Alfa  Graphite:5.0  w/o  PVDF:2.0  w/o  Chevron  carbon.  Soaking  was  DPCX 
(Table  7).  Respective  geometric  areas  of  the  cathode  and  anode  were  10  and 
11.3cm^  and  the  charge  (discharge)  current  density  was  0.4  (0.8)  mA/cm^. 
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Table  17.  Cycling  Data  for  Alfa  Graphite//SPE//Lii.iMn204  Cell  AAF22  at  C/3 
_ Discharge  rate _ 


Cycle 

No. 

Charge 

(mAh) 

Discharge 

(mAh) 

Charge/Dischar 
ge  Ratio 

Specific  Capacity 
UlCe 

Charge/Discharge 

Mid 

Discharge 

Voltage 

(Volt) 

Energy 

Density 

(Whr/Kg) 

1 

31.12 

23.85 

1.30 

1.08/0.83 

3.806 

106.5 

2 

25.62 

24.33 

1.05 

0.89/0.85 

3.827 

109.3 

5 

23.01 

23.57 

0.98 

0.80/0.82 

3.834 

106.1 

20 

20.37 

19.95 

1.02 

0.71/0.70 

3.849 

90.1 

50 

19.52 

19.05 

1.02 

0.68/0.66 

3.815 

85.3 

too 

17.99 

17.61 

1.02 

0.63/0.61 

3.823 

79.0 

150 

16.89 

16.64 

1.02 

0.59/0.58 

3.815 

74.5 

Pertinent  Data  for  Calculating  the  Energy  Density 


Cathode  laminate  (dry,  4.8  mil  thick) 

0.287 

Anode  laminate  (dry,  1.7  mil  thick) 

0.083 

i 

Soaked  in  liquid  electrolyte  (anode 
estimated)* 

0.016 

Weight,  g 

Soaked  in  liquid  electrolyte  (cathode 
estimated)* 

0.061 

Cu  mesh  (anode  current  collector) 

0.163 

A1  mesh  (cathode  current  collector) 

0.092 

Solid  polymer  electrolyte  (Thickness  -  4.0 
mil.  Area  -  2.7X4.2  cm^  and  Density  1.3 
gcm'^) 

0.150 

Total 

0.852 

See  footBolel>elowTaye  16. 
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The  cell  was  charged  at  C/6  and  discharged  at  C/3  rate  with  respect  to  the  initial  anode 
capacity.  Capacity  fade,  substantial  during  the  few  initial  cycles,  slowed  down  to  a  very  low  0.1% 
per  cycle  and  remained  constant  until  the  cycling  was  terminated  intentionally.  Lowering  the 
charge/discharge  rate  to  0.1  mA/cm^  in  the  170*  cycle  resulted  in  a  very  modest  (~6%)  increase 
in  the  Li  utilization.  This  suggests  that  the  capacity  decline  observed  in  the  cell  was  of  materials 
origin  and  not  related  to  a  polarization  phenomenon  occurring  at  high  rate.  Despite  the  slow 
capacity  fade,  the  cell  demonstrates  important  attributes  such  as  efficient  and  reversible  utilization 
of  Li  at  high  rate,  high  energy  density  and  the  potential  to  achieve  a  long  cycle  life. 

Shown  in  Figures  62  and  63  are  the  cycling  performance  at  high  rate  of  a  Li-ion  cell  based 
on  Conoco  Coke. 


Figure  62.  Cycling  curves  at  room  temperature  for  Conoco 
Coke//SPE//Lii,iMn204  Cell  AAF25.  Cathode  and  anode  capacities  are  34.9  mAh 
(1  mol  Li  per  Lii.iMn204)  and  30.4  mAh  (1  mol  Li  per  C12)  with  a  cathode/anode 
capacity  ratio  of  1.15.  Solid  polymer  electrolyte  was  DPC2  (Table  7).  Dry 
cathode  was  93.5  w/o  Lii.iMn204:2.5  w/o  PE:4.0  w/o  Chevron  Carbon.  The  dry 
anode  was  95.4  w/o  Conoco  Coke;2.6  w/o  PVDF:2.1  w/o  Chevron  carbon. 
Soaking  electrolyte  was  DPCX  (Table  7).  Respective  geometric  areas  of  the 
cathode  and  anode  were  10  and  11.3  cm^  and  the  charge  (discharge)  current 
density  was  0.4  (0.8)  mA/cm^. 
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Figure  63.  Capacity  versus  cycles  for  the  cell  shown  in  Figure  61. 

Low  cathode  to  anode  capacity  ratio  of  1.15  featured  in  Cell  No.  AAF25  represents  a 
severely  cathode  limited  configuration.  Assuming  a  cathode  utilization  of  0.8  mol  Li  per 
Lii.iMn204  during  the  first  charge  and  a  first  cycle  irreversible  capacity  of  0.2  mol  Li  per  C12  for 
the  anode,  the  first  cycle  discharge  is  expected  to  be  about  0.7  mol  Li  (1.15x0.8  -  0.2)  per  C12  or 
close  to  21  mAh.  Data  in  Figure  63  agrees  with  this  expected  Li  utilization  during  the  first 
discharge.  A  very  low  capacity  fade,  potentially  high  cycle  life  and  a  high  rate  capability  are 
featured  in  Figure  63. 
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4.0  CONCLUSIONS 

PAN-based  electrolytes  with  improved  low  temperature  conductivity  can  be  prepared  with 
the  use  of  carefully  selected  plasticizer  compositions  from  ternary  solvent  mixtures  consisting  of 
propylene  carbonate  (PC),  ethylene  carbonate  (EC)  and  butylene  carbonate  (BC)  or  PC,  EC  and 
3-methyl-2-oxazolidinone  (MEOX).  All  of  the  electrolytes  were  prepared  as  free  standing  films 
with  a  thickness  of  ~4.5  mil.  A  number  of  solid  polymer  electrolytes  (SPE)  compositions 
potentially  important  for  ambient  temperature  applications  were  identified.  The  SPE  composition 
with  21.0  m/o  PAN:37.8  m/o  EC:22.9  m/o  PC;  12.3  m/o  BC:6.0  m/o  LiAsFe  exhibited 
conductivities  of  1.1  x  10"*  ohm  *  cm  *  at  -40°C  and  2.9  x  10'^  ohm'*  cm'*  at  25°C.  Two  other 
electrolytes  contained  MEOX;  one  with  21.0  m/o  PAN:33.8  m/o  EC:27.7  m/o  PC:  11.5  m/o 
MEOX;6.0  m/o  LiAsFe  showed  conductivities  of  1.14  x  10"*  ohm  *  cm  *  at  -40 °C  and  2.98  x  10'^ 
ohm'*  cm'*  at  25°C  and  the  other  with  21.0  m/o  PAN:  10.8  m/o  EC:8.7  m/o  PC:53.4  m/o 
MEOX:6.0  m/o  LiAsFe  had  conductivities  of  1.56  x  10"*  ohm  *  cm  *  at  -40°C  and  3.10  x  10^ 
ohm  *  cm  *  at  25  °C. 

Cyclic  voltammetry  indicated  good  stability  to  oxidation  for  the  electrolytes  with  small 
oxidative  currents  of  the  order  of  0.5  pA/cm^  at  4.2V  vs.  \JCIU  on  Al.  The  oxidation  current  was 
electrode  substrate  dependent.  For  example,  Pt,  Ni  and  carbon  showed  oxidative  currents  of  the 
order  of  1,  30  and  60  ^A/cm^  respectively,  at  the  same  potential.  Alloy  formation  and  plating 
were  evident  on  aluminum  at  0.15V  and  -0.20V,  respectively.  Platinum  showed  similar  behavior 
with  alloy  formation  at  0.45V  and  U  plating  at  0.05V.  Carbon  showed  an  onset  of  lithium 
intercalation  around  1.5V  followed  by  Li  plating  at  -O.IV.  Nickel,  on  the  other  hand,  showed  a 
simple  lithium  plating-stripping  process  at  -0.05V  and  0.15V  vs.  li'^/Li,  respectively.  Al  was 
found  to  be  the  material  of  choice  for  the  cathode  current  collector  whereas,  Ni  was  suitable  for 
the  anode  current  collector. 

Investigation  of  the  rechargeabUity  of  the  Li//SPE//Lio.9Mn204.2  cell  showed  short  cycle 
life  with  electrolytes  containing  BC  with  cell  failure  caused  by  internal  "soft  shorts"  on  charge.  In 
contrast,  cells  with  MEOX-containing  polymer  electrolytes,  showed  vastly  improved  cyclability 
with  either  of  the  two  low  voltage  (3V)  lithiated  manganese  dioxides,  Lio.9Mn204.2  and 
Lii,oMn204.7.  Cycling  at  room  temperature,  a  typical  Li/Lio.9Mn204.2  cell  retained  more  than  80% 
of  the  second  cycle  capacity  corresponding  to  ~0.5  Li/Lio,9Mn204.2  through  140  cycles  at  0.1 
mA/cm^.  Lii,oMn204.7  too  showed  long-term  cyclabUity  with  a  capacity  close  to  0.5  Li/ 
Lii,oMn204.7  at  the  Cycle  200.  Long-term  cyclability  was  also  demonstrated  for  Li/Lii.iMn204 
(spinel)  cells  utilizing  solid  electrolytes  containing  MEOX.  In  this  case,  a  capacity  of  about  0.8  Li 
per  Lii.iMn204  was  observed.  The  capacity  diminished  with  repeated  cycling  at  a  rate  of  about 
0.17%  per  cycle  from  Cycles  20  to  120.  The  spinel  Lii,iMn204  was  able  to  intercalate  additional 
Li  at  a  lower  voltage  plateau  around  2.8V.  Even  though  the  spinel  material  showed  long-term 
cyclability  in  a  broader  voltage  window,  4.2V  to  2.0V  encompassing  both  higher  and  lower 
voltage  plateaus,  the  capacity  fade  rate  was  a  relatively  high  0.3%  per  cycle. 

The  Li/LixMn204  (3V)  cell  showed  low  temperature  cyclability  with  diminished  capacity. 
The  utilization  at  -10°C  was  close  to  0.3  Li  Lii.oMn204,7  and  at  -20°C  it  dropped  to  about  0.2  Li/ 
Lii.oMn204,7,  This  reduced  capacity  could  be  due  to  the  effect  of  changing  charge  transfer 
resistance  at  the  Lii.oMn204.7/electrolyte  interface  which  was  found  to  increase  exponentially  with 
decreasing  temperature. 
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Rechargeability  of  commercially  available  carbons  such  as  graphite,  coke  and  acetylene 
black  was  demonstrated  in  a  variety  of  electrolytes.  Carbons  sowed  no  rechargeability  in  cells 
based  on  SPE  containing  MEOX.  Vastly  improved  cyclability  was  observed  for  all  carbons  when 
PAN-EC-BL/LiAsFe  electrolytes  were  used.  For  example,  a  cell  with  21.0  m/o  PAN:36.5  m/o 
EC:36.5  m/o  BL:6.0  m/o  LiAsFe  at  room  temperature  showed  an  equivalent  capacity  of  1.15 
Li/CCe)  during  the  first  discharge  and  -1.0  Li/(C6)  during  the  first  charge  and  the  next  few 
charge/discharge  cycles.  The  cell  capacity  declined  slightly  with  continual  cycling  and  at  Cycle  15 
the  charge/discharge  capacity  was  equivalent  to  0.85  Li/(C6).  Long-term  cycling  was  also 
possible  with  the  Carbon//SPE//Lii.iMn204  Li-ion  cell  employing  the  PAN-EC-BL/LiAsFe 
electrolytes.  Slow  capacity  fading  with  repeated  cycling  appeared  to  be  a  persistent  problem.  In 
this  case,  the  capacity  faded  from  0.92  mol  Li  per  Ce,  observed  during  the  first  discharge,  to  0.52 
in  Cycle  50. 

Capacity  decline  was  observed  on  repeated  cycling  in  Li/Carbon  cells  employing  a  variety 
of  solid  polymer  electrolytes.  In  a  three  electrode  cell,  impedance  of  the  composite  carbon 
cathode  taken  at  the  end  of  a  full  discharge  indicated  that,  no  significant  change  occurs  in  the  bulk 
resistance  of  the  composite  carbon  electrode  during  repeated  cycling.  Observed  increase  in  the 
charge  transfer  resistance.  Ret  with  each  discharge  was  consistent  with  a  growing  passivation  layer 
on  the  carbon  surface. 

A  procedure  referred  to  in  the  text  as  hot-pressing  was  developed  to  prepare  electrodes 
for  Li  and  Li-ion  cells.  Instead  of  a  usual  polymer  electrolyte  binder,  these  electrodes  contained  a 
liquid  electrolyte  soaked  into  them.  Significantly  improved  capacity  retention  during  cycling  was 
observed  for  hot-pressed  carbon  electrodes.  For  example,  a  Li/graphite  cell  utilizing  the  PAN- 
EC-BL/LiPFe  polymer  electrolyte  and  a  hot-pressed  graphite  electrode  which  was  soaked  in  the 
EC-DPC/LiPFe  liquid  electrolyte,  showed  a  reversible  capacity  of  nearly  0.9  Li/Ce  at  C/20  rate  up 
to  the  Cycle  20.  Likewise,  a  reversible  Li  utilization  better  than  0.4  mol  per  C6  was  observed 
through  the  50th  cycle  for  a  Li/coke  cell  assembled  in  a  similar  fashion.  Improved  capacity 
retention,  rate  capability  and  cycle  life  were  also  observed  for  Li-ion  cells  employing  hot  pressed 
carbon  anodes  and  Lii.iMn204  cathodes.  A  typical  graphite  Li-ion  cell  discharged  at  C/30  rate 
showed  a  uniform  capacity  fade  rate  from  the  Cycle  2  onwards  approaching  0.3%  per  cycle  with  a 
reversible  Li  utilization  of  over  0.8  mol  Li/Ce  through  the  Cycle  50.  Initial  specific  energy  of  this 
cell  approached  142  Wh/kg.  At  C/3  discharge  rate,  the  capacity  fade  rate  was  a  low  0.1%  per 
cycle  through  the  Cycle  170  and  the  corresponding  capacity  remained  at  0.6  mol  Li  per  Ce.  Initial 
specific  energy  of  this  ceU  was  estimated  to  be  close  to  106  Wh/kg.  Cycling  performance  at  high 
rate  (C/3)  of  a  Li-ion  cells  based  on  hot-pressed  coke  also  showed  superior  capacity  retention  and 
a  negligible  rate  of  capacity  fade  through  Cycle  75. 
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